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Abstract. Triple‑negative breast cancer (TNBC) refers to a 
heterogeneous group of tumors, for which there is currently 
a lack of targeted therapies. Poly(ADP‑ribose) polymerase 
(PARP) inhibitors, phosphatidylinositol  3‑kinase (PI3K) 
inhibitors and carboplatin (CBP) have demonstrated sufficient 
efficacy and safety for their use as individual drugs for the 
treatment of TNBC; however, their effects on TNBC when 
used as a combination have not been investigated. The primary 
objectives of the present study were to determine the effects of 
a combination of CBP, olaparib and NVP‑BKM120 (BKM120), 
and to investigate the mechanism underlying their effects on 
TNBC cells. The drug combination was cytotoxic to TNBC 
cells, both with regards to short‑term and long‑term sensitivity, 
as determined using colony forming assays, and they exerted 
strong synergistic effects on MDA‑MB‑231 and CAL51 cell 
lines. All drugs affected cell cycle progression, and western 
blotting and immunofluorescence indicated that the the 
drug combination exerted its cytotoxicity via DNA damage, 
enhancing non‑homologous end joining repair and inhibiting 
homologous recombination repair. These data provide a strong 
rationale to explore the therapeutic use of olaparib in combina-
tion with CBP and BKM120 in animal models, and later in 
clinical trials on patients with TNBC.

Introduction

Triple‑negative breast cancer (TNBC) is a heterogeneous 
disease group characterized by lack of estrogen receptor (ER), 
progesterone receptor (PR) and human epidermal growth 
factor  2 (Her2) expression. Contrary to ER‑positive and 
Her2‑positive breast cancers, which are treated with targeted 
therapies such as tamoxifen and herceptin, the management of 
TNBC is not standardized and it is based on the use of tradi-
tional cytotoxic drugs that induce a plethora of side-effects. In 
addition, conventional chemotherapy is not always effective 
for the treatment of these tumors and many patients relapse, 
normally with fatal consequences. Therefore, there is an 
urgent requirement for more specific therapies for TNBC (1).

Olaparib is an oral inhibitor of poly(ADP‑ribose) poly-
merase (PARP), which blocks base‑excision repair by trapping 
PARP at the site of DNA damage, thus leading to the collapse 
of DNA replication forks and the accumulation of DNA double 
stranded breaks (DSBs) (2). Therefore, PARP inhibition has 
been identified as a targeted therapy that may exploit intrinsic 
defects in numerous cancer cells, and has been reported to 
be selectively cytotoxic in breast cancer harboring germ line 
mutations in BRCA1, DNA repair‑associated (BRCA1) and 
BRCA2, DNA repair‑associated (BRCA2) (3).

The phosphatidylinositol  3‑kinase  (PI3K) pathway is 
an important signaling network that regulates essential 
cellular functions, including cell growth, proliferation and 
survival (4,5). NVP‑BKM120 (BKM120) is a pan‑class I PI3K 
inhibitor currently in Phase I/II clinical trials (6,7), which has 
been reported to exert antiproliferative, pro‑apoptotic and 
antitumor activity in various cell lines, as well as in xenograft 
models of cancers with or without aberrant PI3K pathway acti-
vation (8,9). The combination of the PI3K inhibitor, BKM120, 
and the PARP inhibitor olaparib exhibits synergistic thera-
peutic effects on a genetic mouse model of BRCA1‑associated 
breast cancer, as well as on the treatment of BRCA1‑proficient 
TNBC (10). The results from these studies have prompted 
clinical investigations into the combined use of inhibitors 
of PI3K and PARP, and phase I clinical trials are currently 
enrolling patients with TNBC (11).
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The single agent carboplatin (CBP) has been extensively 
investigated, and its effects have been analyzed in a trial 
on patients with TNBC enriched for patients with cancers 
harboring BRCA mutations (12). CBP crosslinks with purine 
bases in the DNA, interfering with DNA repair mechanisms, 
thus leading to DNA damage and the induction of apoptosis. 
However, DNA damage triggers intrinsic repair mechanisms, 
which are associated with drug resistance (13). To ensure that 
cell cycle progression takes places without errors and in an 
orderly fashion, non‑homologous end joining (NHEJ) repair 
begins in the G1 phase and homologous recombination (HR) 
begins in the S/G2 phase; in addition, the repair of DSBs is 
strictly regulated by the cell cycle (14). The targeting of DNA 
repairs with DNA DSB‑inducing agents, such as platinum 
compounds, may be beneficial for the treament of patients 
with breast cancer that are BRCA1 or BRCA2 mutation 
carriers (15). Therefore, blocking DNA repair pathways is a 
logical strategy for the development of therapeutic options.

The present study aimed to explore the effects of a combi-
nation of CBP, olaparib and BKM120 on a TNBC cell model. 
The results detected a strong synergistic effect, providing 
a strong rationale for the use of this combination in further 
studies using animal models and future clinical trials on 
patients with TNBC.

Materials and methods

Cell lines, culture conditions and reagents. MDA‑MB‑231 
and MCF‑7 cells were obtained from the American Type 
Culture Collection (Manassas, VA, USA). CAL51 cells were 
obtained from the German Collection of Microorganisms 
and Cell Cultures (Leibniz Institute DSMZ, Braunschweig, 
Germany). All cells were maintained in RPMI‑1640 medium 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) supple-
mented with 10% fetal bovine serum (Corning Incorporated, 
Corning, NY, USA) and 1% penicillin‑streptomycin (Corning 
Incorporated) at 37˚C in an atmosphere containing 95% air 
and 5% CO2. The triple negative phenotype was validated 
by immunoblotting (data not shown). Cells were discarded 
15 passages after initial culture. The PARP inhibitor olaparib 
(AstraZeneca, Cambridge, UK) was dissolved in dimethyl 
sulfoxide (DMSO) at a final concentration of 10  mM; 
BKM120 was purchased from Selleck Chemicals (Houston, 
TX, USA) and dissolved in DMSO at a final concentration of 
1 mM; and CBP was purchased from Qilu Pharmaceutical Co., 
Ltd. (Jinan, China) and dissolved in phosphate-buffered saline 
(PBS) at a final concentration of 40 µM. All stock solutions 
were stored at ‑20˚C.

Toxicity assay. Drug toxicity was determined as previously 
described (16). Briefly, cells were seeded in 96‑well plates 
(3,000 cells/well) in triplicate and were treated with a range of 
concentrations of the indicated drugs, as depicted in Fig. 1, at 
37˚C for 72 h. Controls were treated with vehicle (either PBS or 
DMSO). Drug toxicity was assessed after staining with MTT 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) by measuring the production of formazan, which is 
directly proportional to the number of viable cells. Briefly, 
to each well of a 96‑well plate containing 100 µl medium, 
10 µl MTT solution (5 mg/ml MTT in PBS) was added and 

incubated at 37˚C for 2 h. Solubilization of formazan was 
achieved following the addition of 100 µl solubilization solu-
tion [40% dimethylformadide v/v in 2% glacial acetic acid 
v/v, to which 16% sodium dodecyl sulphate (pH  4.7) had 
been added w/v] and reading optical density at 570 nm. For 
drug combination experiments, a combination index (CI) was 
calculated using CalcuSyn 2.0 software (Biosoft, Cambridge, 
UK) based on the Chou and Talalay method (17). CI values 
between 0.1 and 0.9 refer to different grades of synergism, 
values between 0.9 and 1.1 refer to additive effects, whereas 
values >1.1 refer to antagonistic effects.

Colony forming assay. The capacity of cells to survive 
and proliferate following drug treatment was determined, 
according to a previously described method (16). Briefly, cells 
were seeded in 6‑well plates (1x105 cells/well), and were treated 
with 2.5 µM olaparib, 1 µM CBP and/or 1 µM BKM120, after 
1 day. After 10 days at 37˚C, the surviving proliferating clones 
were stained with 0.4 % (w/v) crystal violet for 30 min at room 
temperature. The dye was solubilized using 33% (v/v) acetic 
acid and the optical density was determined at 592 nm.

Cell cycle analysis. Flow cytometric analysis was used to eval-
uate alterations in the cell cycle, as previously described (18). 
Cells  (1x106) were fixed in 70% ethanol overnight at 4˚C, 
washed twice with PBS, treated with RNase A (Sigma‑Aldrich; 
Merck  KGaA; final concentration, 50  µg/ml) for 15  min 
at 4˚C and stained with propidium iodide (Sigma‑Aldrich; 
Merck KGaA; final concentration, 50 µg/ml) overnight at 
4˚C. Samples were analyzed using a BD  FACSCanto  II 
(Becton Dickinson, San Jose, CA, USA) flow cytometer, in 
order to determine the proportion of cells at each stage of the 
cell cycle using flow cytometry software (ModFit LT; Verity 
Software House, Inc., Topsham, ME, USA).

Western blotting. Protein expression was determined as 
previously described  (16). Briefly, cells were harvested 
and suspended in radioimmunoprecipitation assay lysis 
buffer (Beijing Solarbio Science & Technology Co., Ltd.) 
supplemented with protease and phosphatase inhibitors 
(1 mM sodium fluoride, 2 mM sodium orthovanadate, 1 mM 
phenylmethylsulfonyl fluoride), placed on ice for 30 min, and 
centrifuged at 300 x g for 10 min at 4˚C. The supernatant was 
collected and protein concentration was determined using a 
Bicinchoninic Acid Protein Assay kit (Pierce; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Proteins (50 µg for 
H2AX; 35 µg for all others) were separated by 8% SDS‑PAGE 
and were transferred onto a polvinylidene fluoride membrane 
(EMD Millipore, Billerica, MA, USA). Subsequently, the 
membrane, which was previously treated with 5%  (w/v) 
bovine serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) 
for 6 h at 4˚C to block non-specific antibody binding, was 
incubated overnight at 4˚C with the following specific 
primary antibodies: Polyclonal anti‑PARP  (cat.  no.  9542) 
and anti‑53BP1 (cat. no. 4937); monoclonal anti‑phosphory-
lated  (p)‑H2AX (Ser139; cat. no. 9718), anti‑p‑checkpoint 
kinase (Chk)1 (Ser345; cat. no. 2348), anti‑p‑Chk2 (Thr68; 
cat. no. 2197), anti‑p‑p53 (Ser15; cat. no. 9286) anti‑p‑ATM 
serine/threonine kinase  (ATM; Ser1981; cat.  no.  5883), 
anti‑p27 Kip1 (cat. no. 3686) and anti‑p21 (cat. no. 2947) (all at 
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1:1,000 dilution; all Cell Signaling Technology, Inc., Danvers, 
MA, USA); polyclonal anti‑β‑actin (cat.  no.  YT0099; at 
1:2,000 dilution; ImmunoWay Biotechnology Company, Plano, 
TX, USA); and monoclonal anti‑PARP polymer (PADPR; 
cat. no. ab14459; at 1:1,000 dilution; Abcam, Cambridge, UK). 
After washing, the membrane was incubated with anti‑rabbit 
or anti‑mouse secondary antibodies (cat. nos. 7074 and 7076, 
respectively; Cell Signaling Technology, Inc.) for 2 h at room 
temperature. Blots were visualized using enhanced chemilu-
miniscence (Pierce; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Semi‑quantification of blots 
was performed using ImageJ software version 1.41o (National 
Institutes of Health, Bethesda, MD, USA).

Immunofluorescence. Cells were washed with 1X PBS, fixed 
with methanol and acetone (1:1, v:v) for 5 min, and then blocked 
with 3% BSA for 1 h at room temperature. Cells were incubated 
with the following antibodies for 12 h at 4˚C: Anti‑BRCA1 
(cat. no. YT0519), anti‑53BP1 (cat. no. YT0024) and anti‑DNA 
repair protein RAD51 homolog 1 (RAD51; cat. no. YT3967) (all 
ImmunoWay Biotechnology Company), and γ‑H2AX (Ser139; 
cat. no. 9718; Cell Signaling Technology, Inc.). Antibodies were 
used at a 1:500 dilution in 1% BSA. After washing, samples 
were incubated with Alexa Fluor 488‑conjugated secondary 
antibody (1:500 dilution; cat. no. 913921; Invitrogen; Thermo 
Fisher Scientific, Inc.) for 1 h at room temperature, after which, 
nuclei were stained with DAPI (Sigma‑Aldrich; Merck KGaA) 
for 5 min. Cells were washed with 1X PBS and were observed 
under a fluorescence microscope (Carl Zeiss AG, Oberkochen, 
Germany).

Statistical analysis. Data are presented as the means ± stan-
dard deviation. Differences between groups were analyzed 
by one‑way analysis of variance and Dunnett's test using 
SPSS 22.0 software (IBM Corp., Armonk, NY, USA). P<0.05 
(two‑tailed) was considered to indicate a statistically signifi-
cant difference.

Results

Treatment with a combination of olaparib, CBP and BKM120 
synergistically inhibits TNBC cell growth. In order to assess 
the inhibitory effects of the three drugs on the growth of 
MDA‑MB‑231 and CAL51 cells, the present study determined 

the half maximal inhibitory concentration (IC50) values after 
72 h using MTT assays (Table I). Olaparib, CBP and BKM120 
exhibited dose‑dependent inhibition of MDA‑MB‑231 and 
CAL51 cells (Fig. 1A‑C); however, the inhibitory effects of 
single drug treatment were limited. CBP and BKM120 had 
relatively low IC50 values in CAL51 cells (1.2 and 4.8 µM, 
respectively). Conversely, the toxicity of olaparib in CAL51 
and MDA‑MB‑231 cells was modest (IC50: 44.1 and 95.1 µM, 
respectively). In order to determine whether olaparib toxicity 
could be increased when used in combination, cells were 
treated with all three drugs together at various concentrations. 
Notably, the combination indexes were <0.9 (Fig. 1D and E), 
thus indicating a synergistic inhibitory effect that was 
stronger in MDA‑MB‑231 than in CAL51 cells, which could 
limit the adverse effects of olaparib in clinical use (16). As 
expected, the IC50 values of each drug when used in combi-
nation were much lower than those obtained for individual 
drugs (Table I) and, this effect was only observed in TNBC 
cells; no synergistic effect was detected in MCF‑7 cells (CI 
values >1.1) (Fig. 1F).

To evaluate the efficacy of the three drug combination 
on colony formation, cell cultures were treated for 10 days 
with drugs, either alone or in combination, and were then 
stained with crystal violet (Fig. 2). Confirming the results of 
the aforementioned short‑term sensitivity assays, individual 
drugs inhibited proliferation of TNBC cells to some extent 
and olaparib was the least toxic drug. A combination of two 
drugs improved inhibition of MDA‑MB‑231 and CAL51 cell 
proliferation; the inhibitory effect was strongest in response to 
olaparib and CBP. Notably, the strongest inhibitory effect was 
observed when the three drugs were used in combination.

The results of these short‑  and long‑term drug assays 
indicated that olaparib, CBP and BKM120 may exert a strong 
synergistic inhibitory effect on TNBC cells. 

Olaparib, CBP and BKM120 affect cell cycle progression 
in TNBC cells. In order to gain insight into the possible 
mechanisms underlying the toxic effects of olaparib, CBP 
and BKM120 on TNBC cells, the present study assessed their 
effects on cell cycle progression by flow cytometry (Fig. 3). 
As single drugs, olaparib and CBP led to an increase in the 
proportion of CAL51 cells at the G2/M phase of the cell cycle 
(4.6 and 9.2% increase compared with the control group 
respectively), whereas in MDA‑MB‑231 cells this was only 

Table I. Olaparib, CBP and BKM120 exert synergistic inhibitory effects on triple‑negative breast cancer cell viability.

	 IC50 (µM)	 IC50 (µM)
	 Drug alonea	 Drug combinationb

	 -----------------------------------------------------------------------------------------------------------------------------------	 -------------------------------------------------------------------------------------------------------------------------------

Cell line	 Olaparib	 CBP	 BKM120	 Olaparib	 CBP	 BKM120

CAL51	 44.1	 1.2	 4.8	 3.3	 0.8	 0.6

MDA‑MB‑231	 95.1	 16.5	 11.1	 12.5	 3.1	 2.5

aValues were obtained using drug sensitivity curves shown in Fig. 1A‑C; bValues were obtained using drug sensitivity curves shown in 
Fig. 1D and E. BKM120, NVP‑BKM120; CBP, carboplatin; IC50, half maximal inhibitory concentration.
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apparent with olaparib (6.5% increase compared with the 
control group), as CBP produced an increase in the proportion 
of cells in S phase (10.1% increase compared with the control 
group). In both cells, BKM120 had little effect. Although there 
is no conclusive evidence regarding this differential effect 
between cell lines, it may be hypothesized that this is likely 
due to their different doubling times; CAL51 cells divide 
faster than MDA‑MB‑231 cells. Therefore, the effects of some 
drugs are seen later in CAL51 (G2/M) than in MDA‑MB‑231 
cells (S phase). Combining olaparib and CBP led to an increase 
in the proportion of cells in G2/M  phase in CAL51 cells 
(16.3% increase) and S phase in MDA‑MB‑231 cells (10.1% 
increase). As expected, the strongest effect on cell cycle arrest 
was observed when the three drugs were combined: CAL51 
cells exhibited a 20.6% increase in the number of cells at 
G2/M phase, whereas MDA‑MB‑231 cells exhibited a 14.2% 
increase in the number of cells at S phase, all compared with 
the control group.

Olaparib, CBP and BKM120 cause DNA damage in TNBC 
cells. Due to their mode of action and toxicity in TNBC cells, 
the present study aimed to determine the effects of the three 
treatments on the expression of key molecules involved in 
DNA damage (Fig. 4). Phosphorylation of the histone variant 
H2AX serves a key role in the DNA damage response and 
its expression is routinely used to detect genotoxic effects. 
In addition, PARP inhibition leads to the accumulation of 
DNA DSBs (19) The phosphorylated levels of H2AX were 
increased in both MDA‑MB‑231 and CAL51 cells following 
treatment with each of the three drugs, whereas the levels of 
PADPR, which is synthesized by PARP, were decreased in 
both cell lines; as expected, it was more markedly decreased 
following the addition of BKM120  (Fig.  4A  and  B). 
Phosphorylation of the checkpoint kinases Chk1 and Chk2, 
whose activation by ATM results in cell cycle arrest and cell 
death (confirmed by PARP cleavage), was increased following 
treatment with olaparib, CBP and BKM120 (Fig. 4A and B). 

Figure 1. OLA, CBP and BKM exert synergistic toxicity on TNBC cells. MTT assays were used to determine toxicity profiles. TNBC MDA‑MB‑231 and 
CAL51 cells, and the non‑TNBC cell line MCF‑7, were treated with (A) CBP, (B) BKM or (C) OLA alone, or (D‑F) in combination for 72 h. Data are presented 
as the means ± standard deviation from three independent experiments. *P<0.05. BKM, NVP‑BKM120; CBP, carboplatin; CI, combination index; IC50, half 
maximal inhibitory concentration; OLA, olaparib; TNBC, triple‑negative breast cancer.
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Phosphorylation of Chk2 was more evident in CAL51 cells 
than in MDA‑MB‑231 cells, indicating that the latter may 
not be as sensitive to olaparib and CBP as the former, as 
expression levels were only altered in the groups treated with 
high concentrations. It is possible that BKM120 toxicity in 
MDA‑MB‑231 cells is associated with other mechanisms than 
those affecting Chk2 phosphorylation.

Since the formation of RAD51 foci is considered a marker 
of HR DNA repair (19,20) and γ‑H2AX foci are considered 
to be a sensitive and selective signal for the existence of 
DSBs  (21), the present study monitored foci formation in 
MDA‑MB‑231 and CAL51 cells after single, double and triple 
drug combinations. CAL51 and MDA‑MB‑231 cells treated 

with a combination of olaparib, CBP and BKM120 exhibited 
very low RAD51 foci (marker of HR DNA repair), which was 
reduced compared with in response to other certain treatments, 
particularl CBP, when used singly or in combination, i.e. 
olaparib and CBP (Fig. 5). γ‑H2AX foci formation (a marker 
of DSBs) was high when olaparib was combined with either 
CBP or CBP and BKM120, although CBP alone produced a 
higher level of DSBs (Fig. 5). Overall, these findings suggested 
that cells receiving the triple drug combination may exhibit 
less active HR repair leading to cell death.

Overall, the three drugs used in this study, olaparib, CBP, 
and BKM120, may exert their toxic effects on TNBC cells by 
producing DNA damage.

Figure 2. OLA, CBP and BKM exert synergistic inhibitory effects on triple‑negative breast cancer cell proliferation. (A) CAL51 and (B) MDA‑MB‑231 cells 
were seeded in 6‑well plates and after 1 day were treated with the drugs, either alone or in combination; cells were treated for 10 days before being stained with 
crystal violet. Concentrations used were: OLA, 2.5 µM; CBP, 1 µM; BKM, 1 µM. The dye was solubilized and the optical density was measured at 592 nm. 
Images are representative of three experiments. Numerical data are presented as the means ± standard deviation of three independent experiments. *P<0.05. 
BKM, NVP‑BKM120; CBP, carboplatin; CON, control (vehicle); OD, optical density; OLA, olaparib.
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BKM120 treatment increases NHEJ DNA repair and growth 
inhibition of TNBC cells. Since BKM120 leads to an increase 
in NHEJ DNA repair (22), the present study evaluated the func-
tionality of the NHEJ repair axis following treatment with the 
combination of the three drugs. The aggregation of 53BP1 helps 

to amplify the ATM signal and activation of cell cycle check 
points. When DSBs occur, ATM initiates cell cycle check 
points by phosphorylation of p53 and other cell cycle regulatory 
proteins (14). As expected, the expression of 53BP1, p27, p21 
and p‑ATM was increased in MDA‑MB‑231 and CAL51 cells 

Figure 3. OLA, CBP and BKM block cell cycle progression in triple‑negative breast cancer cells. Cells were treated with OLA (1.25 µM), CBP (0.5 µM) and 
BKM (0.5 µM), alone or in combination, for 48 h and were then stained with PI. (A) Flow cytometry plots indicating cell cycle phases. The rugged line repre-
sents cells detected by flow cytometry after PI staining; the smooth line and red peaks are the best fits for cell cycle phases obtained using the flow cytometry 
software (ModFit LT; Verity Software House, Inc., Topsham, ME, USA). (B) Histogram data are presented as the means of three independent experiments. For 
clarity, error bars have been omitted in histograms showing bars with three cell cycle phases (typical variation between experiments: ±10%). *P<0.05. BKM, 
NVP‑BKM120; CBP, carboplatin; CON, control (vehicle); OD, optical density; OLA, olaparib; PI, propidium iodide.
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Figure 4. OLA, CBP and BKM exert toxic effects on triple‑negative breast cancer cells by producing DNA damage. (A and B) Cells were treated with 
vehicle (CON), OLA, CBP or BKM for 48 h, and protein expression was determined by western blotting. (A) p‑ATM antibody recognizes a non‑specific band 
(heavier than 350 kDa) in MDA‑MB‑231 cells; the 350 kDa band is indicated by an arrow. Cleaved PARP is indicated with an arrow. BKM increases NHEJ 
DNA repair. (C and D) Cells were treated with CBP (0.5 µM) alone or in combination with OLA (1.25 µM) and BKM (0.5 µM) for 24 h, and protein expression 
was determined by western blotting. β‑actin was used as a loading control. Representative images of three independent blots are shown. Semi‑quantification of 
blots was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and values are normalized to those of β‑actin and expressed as 
relative to those of untreated cells. Band intensity is indicated below each gel track and histogram data are presented as the means ± standard deviation of three 
blots. *P<0.05. ATM, ATM serine/threonine kinase; BKM, NVP‑BKM120; CBP, carboplatin; Chk, checkpoint kinase; CON, control (vehicle); OLA, olaparib; 
p‑, phosphorylated; PARP, poly(ADP‑ribose) polymerase.
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treated with a combination of the three drugs (Fig. 4C and D). 
In addition, CAL51 cells exhibited an increase in p53 expres-
sion, which was not observed in MDA‑MB‑231 cells as they 
possess mutated p53. The increase in 53BP1 expression in the 
combination group compared with in the olaparib and CBP 
group was also confirmed by immunofluorescence (Fig. 6). In 
addition, a decrease in BRCA1 expression was detected in the 
combination group compared with in the olaparib and CBP 
group (Fig. 6), which may lead to a decrease in HR repair (23), 
and thus an increase in response to the PARP inhibitor.

These findings indicated that a combination of olaparib, 
CBP and BKM120 may lead to an increase in NHEJ DNA 
repair, contributing to growth inhibition in TNBC cells.

Discussion

TNBC refers to a heterogeneous group of tumors that 
possess aggressive clinical features  (24) and lack targeted 

therapeutic options. TNBC is currently treated with standard 
chemotherapeutics, including CBP and other platinum 
drugs  (25). In addition, ~15% of TNBC cases harbor a 
germline mutation in BRCA1 or BRCA2; >80% of BRCA1 
mutation‑associated breast cancer cases and 35% of BRCA2 
mutation‑associated breast cancer cases possess the TNBC 
phenotype (26,27). Therefore, therapeutic strategies targeting 
these pathways are currently being studied. Olaparib is an oral 
PARP inhibitor that, amongst other effects, blocks base‑excision 
repair by trapping PARP at the site of DNA damage, and leads 
to the collapse of DNA replication forks and the accumulation 
of DNA DSBs (28). Furthermore, TNBC frequently presents 
copy number variations at certain loci, such as those involved 
in DNA damage repair and PI3K pathways (29). BKM120, 
which is a pan‑class I PI3K inhibitor currently in Phase I/II 
clinical trials, has demonstrated antiproliferative, pro‑apoptotic 
and antitumor activity in various cell lines, as well as in 
xenograft models of cancers with or without aberrant PI3K 

Figure 5. Combination of OLA, CBP and BKM promotes DNA damage in triple‑negative breast cancer cells. (A) Cells (CAL51) were treated with vehicle 
(CON), 1.2 µM OLA, 0.5 µM CBP, 0.5 µM BKM or a combination, for 48 h. RAD51 and γ‑H2AX expression was visualized by immunofluorescence using 
primary specific antibodies and Alexa Fluor 488‑conjugated secondary antibodies. Nuclei were stained with DAPI. The percentage of RAD51 and γ‑H2AX 
positive cells (≥5 foci) and the number of RAD51 and γ‑H2AX foci/cell were determined by counting at least 100 cells from each sample. Images were 
captured at x400 magnification.. Data are presented as the mean ± standard deviation of three independent experiments. *P>0.05. BKM, NVP‑BKM120; CBP, 
carboplatin; CON, control (vehicle); OLA, olaparib; RAD51, DNA repair protein RAD51 homolog 1.
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pathway activation (30). The combination of olaparib and CBP 
is tolerable and has modest activity in patients with sporadic 
TNBC (31). The present findings indicated that the combination 
of CBP, olaparib and BKM120 may exert synergistic inhibitory 
effects on MDA‑MB‑231 and CAL51 TNBC cell lines.

DNA damage repair serves an important role in the mainte-
nance of genome stability; however, this same phenomenon can 
lead to drug resistance in cancer cells. Therefore, blocking the 
DNA repair pathway is an important method for the treatment of 
tumors (32). DNA damage can be divided into two types: DNA 
single‑strand breaks (SSBs) and DSBs. In the S phase of the 
cell cycle, several unrepaired SSBs can lead to disintegration of 
the duplicating forks and can subsequently result in DSBs. The 
repair of DSBs in DNA occurs through two methods of repair, 
HR and NHEJ (33). HR repair uses high homologous sister chro
mosome fragments as a template to repair damaged DNA, and 
is considered an error‑free repair mechanism (34). NHEJ is an 
error‑prone repair mechanism, which results in the accumulation 

of damaged DNA that can cause cell death (33). NHEJ begins 
in the G1 phase, in which the accuracy of repair is low, whereas 
HR begins in the S/G2 phase, in which the accuracy of repair is 
high. Furthermore, the repair of DSBs is strictly regulated by 
the cell cycle. Deficient HR repair leads to activation of alternate 
DNA repair pathways, including the base excision repair and 
NHEJ pathways, which require PARP. HR repair dysfunction 
sensitizes cells to PARP, which leads to further chromosomal 
instability, cell cycle arrest and apoptosis  (35,36); TNBC 
normally expresses high levels of PARP‑1 (37,38). Therefore, 
olaparib can induce DSBs and inhibit HR repair, whereas PI3K 
inhibitors can influence cell cycle progression, inhibit HR repair 
and enhance NHEJ repair (39). Conversely, BKM120 can induce 
the expression of BRCA1 (40); therefore, BKM120 may promote 
HR repair and sensitize TNBC to PARP inhibition.

In summary, the present study demonstrated that a combi-
nation of three drugs, olaparib (a PARP inhibitor), CBP (a drug 
which crosslinks with purine bases in the DNA, interfering 

Figure 5. Continued. Combination of OLA, CBP and BKM promotes DNA damage in triple‑negative breast cancer cells. (B) Cells (MDA-MB-231) were 
treated with vehicle (CON), 1.2 µM OLA, 0.5 µM CBP, 0.5 µM BKM or a combination, for 48 h. RAD51 and γ‑H2AX expression was visualized by immu-
nofluorescence using primary specific antibodies and Alexa Fluor 488‑conjugated secondary antibodies. Nuclei were stained with DAPI. The percentage 
of RAD51 and γ‑H2AX positive cells (≥5 foci) and the number of RAD51 and γ‑H2AX foci/cell were determined by counting at least 100 cells from each 
sample. Images were captured at x400 magnification.. Data are presented as the mean ± standard deviation of three independent experiments. *P>0.05. BKM, 
NVP‑BKM120; CBP, carboplatin; CON, control (vehicle); OLA, olaparib; RAD51, DNA repair protein RAD51 homolog 1.
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with DNA repair mechanisms and producing DNA damage) 
and BKM120 (a pan‑class I PI3K inhibitor) act synergisti-
cally on TNBC cells via DNA damage, enhancing NHEJ and 
inhibiting HR. As TNBC lacks targeted therapies, there is an 
urgent need to identify novel effective treatments for this type 
of breast cancer. The present study provided a strong rationale 
to explore the therapeutic use of olaparib in combination with 
CBP and BKM120, first in animal models, and later in clinical 
trials on patients with TNBC.
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