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Abstract 

 

Background: Although the poly ADP-ribose polymerase (PARP) inhibitor olaparib is 

known to have a potent anti-tumor activity in BRCA-related breast cancer cells, a 

limited number of preclinical and clinical studies have shown anti-tumor activity of 

olaparib in BRCA-naïve breast cancer. We have investigated anti-tumor activity of 

olaparib in breast cancer cell lines derived from patients with non-familial sporadic 

breast cancer. 

Methods: Effects of olaparib alone or in combination with five different 

chemotherapeutic agents on cell growth, cell cycle progression, apoptosis and 

proportion of cancer stem cells using the mammosphere assay and CD44/CD24/ESA 

cell surface marker assay were investigated in a panel of six sporadic breast cancer cell 

lines. The ERK phosphorylation was also investigated to elucidate action mechanisms 

of olaparib. 

Results: Olaparib inhibited the growth of two estrogen receptor (ER)-positive and 

HER2-negative breast cancer cell lines and two ER-negative and HER2-negative breast 

cancer cell lines (the 50% growth inhibitory concentrations were 1.3 - 3.0μM) 

associated with the G2/M accumulation and induction of apoptosis. In contrast, two 

HER2-positive cell lines were resistant to olaparib. Interestingly, olaparib significantly 

decreased the proportion of putative cancer stem cells in either sensitive or resistant cell 

lines. In addition, olaparib increased the expression of p-ERK. Combined treatments of 

olaparib with a MEK inhibitor U0126 completely suppressed the expression of p-ERK. 

These treatments also inhibited the G2/M accumulation and apoptosis induction by 

olaparib. Among five chemotherapeutic agents commonly used for breast cancer 

treatment, only an irinotecan metabolite SN38 showed additive anti-tumor activity with 
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olaparib. Importantly, the combined treatment enhanced an increase in the G2/M 

accumulation and apoptosis induction as well as a decrease in the proportion of cancer 

stem cells.  

Conclusions: This study has indicated for the first time that the PARP inhibitor olaparib 

has substantial anti-tumor and anti-cancer stem cell activity in breast cancer cell lines of 

a non-familial origin. Up-regulation of p-ERK might explain, at least in part, anti-tumor 

and anti-cancer stem cell activity of olaparib. A combined treatment of olaparib with 

irinotecan might be effective in the treatment of non-BRCA-related breast cancer.  
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Introduction 

 

In hereditary breast cancer associated with the germ-line mutation of BRCA1 or 

BRCA2, harboring loss of protein expression and/or dysfunction of BRCA1 or BRCA2, 

the homologous recombination machinery to repair DNA double-strand breaks is 

frequently impaired. Preclinical studies have shown that inhibition of poly ADP-ribose 

polymerase (PARP), which plays important roles in repairing DNA single-strand breaks, 

provide so-called synthetic lethality and apoptosis to tumor cells bearing loss or 

dysfunction of BRCA1 or BRCA2 [1, 2]. In addition, recent clinical studies have 

revealed that a PARP inhibitor olaparib has remarkable anti-tumor activity in breast or 

ovarian cancer associated with BRCA1 or BRCA2 germ-line mutations [3-5].  

Although it is well known that olaparib has a potent anti-tumor activity in BRCA1 or 

BRCA2-related breast cancer cells, a limited number of preclinical studies have shown 

anti-tumor activity of olaparib in BRCA1 or BRCA2-naïve breast cancer cell lines [6]. 

Therefore, we have investigated anti-tumor activity of olaparib in a panel of breast 

cancer cell lines derived from patients with non-familial sporadic breast cancer in this 

study.  

Recent preclinical and clinical studies have suggested that breast cancer stem cells 

play critical roles in tumor growth, invasion, metastasis and resistance to cytotoxic 

agents and radiation [7]. Thus, anti-cancer stem cell activity of olaparib was also 

investigated. Furthermore, it has been suggested that combined treatments of agents 

harboring anti-cancer stem cell activity with conventional chemotherapeutic agents may 

provide tumor eradication or prolonged tumor response to experimental tumors built 

with cancer stem cells and non-stem cells [8-10]. Therefore, we also examined 

combined anti-tumor and anti-cancer stem cell activity of olaparib with 



5 
 

chemotherapeutic agents commonly used in the treatment of breast cancer. 

 

Materials and Methods 

 

Breast cancer cell Lines and culture conditions 

 

The KPL-1, KPL-3C and KPL-4 breast cancer cell lines were established in our 

laboratory [11-13]. The MDA-MB-231 cell line was provided by late Dr. Robert B. 

Dickson (Lombardi Cancer Research Center, Georgetown University Medical Center, 

Washington DC, USA). The MDA-MB-157 and BT-474 cell lines were obtained from 

the American Type Culture Collection (Rockville, MD, USA). All cell lines used were 

reported to derive from metastatic breast cancer patients of non-familial origin [11-16]. 

According to our previous study [17], the KPL-1 and KPL-3C cell lines were 

categorized as the estrogen receptor (ER)-positive and human epidermal growth factor 

receptor 2 (HER2)-negative subtype, the BT-474 cell line as the ER-positive and HER2- 

positive subtype, the KPL-4 cell line as the ER-negative and HER2-positive subtype, 

and the MDA-MB-231 and MDA-MB-157 cell lines as the triple negative subtype. 

Overexpression of HER1, cytokeratin5/6 and vimentin was also observed in the 

MDA-MB-231 and MD-MB-157 cell lines. These findings indicate that MDA-MB-231 

and MDA-MB-157 cells were classified as the basal B subtype [18-20]. 

All cell lines were routinely maintained in Dulbecco’s modified Eagle’s medium  

(D-MEM, Sigma Co, St. Louis, MI, USA) supplemented with 10% fetal bovine serum 

(FBS, MBL Co, Nagoya, Japan). 

 

Reagents 
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Olaparib was kindly provided by AstraZeneca Global Research-based 

Biopharmaceutical Company (London, UK). Etoposide, doxorubicin, paclitaxel, SN38 

and cisplatin were purchased from Sigma Co. 

 

Cell proliferation analysis 

 

To investigate the effects of olaparib and/or chemotherapeutic agents on cell growth, 

breast cancer cells (1-5 × 104 cells per well) were seeded in 24-well plates (SB Medical, 

Tokyo, Japan) and grown in D-MEM supplemented with 10% FBS at 37°C in a 5% 

CO2 atmosphere for two days. After washing with phosphate-buffered saline (PBS, 

Nissui Co., Tokyo, Japan), the cells were treated with D-MEM supplemented with 10% 

FBS plus indicated concentrations of olaparib and/or chemotherapeutic agents for three 

days. In the combination treatment, the cells were treated with D-MEM supplemented 

with 10% FBS plus 2.0 μM olaparib and indicated concentrations of the respective 

chemotherapeutic agent for three days. After the treatments, the cells were harvested 

and counted with a Coulter counter (Coulter Electronics, Harpenden, UK). 

Reproducibility was confirmed in at least two separate experiments. 

To evaluate the antitumor effects of combined treatments, a combination index based 

on the 50% inhibitory concentration (IC50) was calculated according to the following 

formula: combination index = IC50 with combined treatment/IC50 with single treatment. 

Combination index < 0.5 was considered evidence of additive interaction [21].  

Appropriate concentrations of chemotherapeutic agents for anti-tumor experiments 

were selected according to the IC50s of the agents obtained from our previous study 

[17]. 
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Cell cycle and apoptosis analyses 

 

Breast cancer cells (0.3 – 1.5 × 105 cells per well) were seeded in 6-well plates (SB 

Medical, Tokyo, Japan) and grown in D-MEM supplemented with 10% FBS at 37°C in 

a 5% CO2 atmosphere for two days. After washing with PBS, the cells were treated with 

D-MEM supplemented with 10% FBS plus indicated concentrations of olaparib and/or 

chemotherapeutic agents for three days. In the combination treatment, the cells were 

treated with D-MEM supplemented with 10% FBS plus 2.0 μM olaparib and indicated 

concentrations of the respective chemotherapeutic agent for three days. After washing 

with PBS, the cells were treated with D-MEM supplemented with 10% FBS plus 

indicated concentrations of olaparib and/or chemotherapeutic agents for three days. 

To investigate the effects of agents on cell cycle progression, harvested cells 

were stained with propidium iodide using a CycleTest Plus DNA Reagent kit (Becton 

Dickinson, San Jose, CA, USA). The percentages of apoptotic cells were stained with 

an Annexin-V-FLUOS staining kit (Roche Diagnostics GmbH, Penzberg, Germany) 

according to the manufacturer’s recommendations. Flow cytometry was performed with 

a FACSCalibur flow cytometer (Becton Dickinson), and the DNA histogram was 

analyzed using a CELLQuest version 1.2.2 (Becton Dickinson).  

 

Mammosphere assay 

 

Breast cancer cells (0.3 – 1.5 × 105 cells per well) were seeded in 35mm-dishes (SB 

Medical) and grown in D-MEM supplemented with 10% FBS at 37°C in a 5% CO2 

atmosphere for two days. After washing with PBS, the cells were incubated with 
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D-MEM supplemented with 10% FBS plus indicated concentrations of olaparib and/or 

SN38 for three days. After washing with PBS, the cells were incubated with D-MEM 

supplemented with 10% FBS without any agent for three days. Then, the cells were 

dispersed, and single cell suspension (1 x 104 cells/ well) were incubated in the 

MammoCultTM basal medium (Stem Cell Technologies Co., Tokyo, Japan) 

supplemented with 10% MammoCultTM proliferation supplements (Stem Cell 

Technologies Co.) plus heparin (Stem Cell Technologies Co.) and hydrocortisone (Stem 

Cell Technologies Co.) in the non-adhesive 6-well plates (CORNING Co., NY, USA) 

for seven days. Mammosphere colonies more than 60μm in size were counted with an 

Olympus phase-contrast microscope [22].  

 

CD44/CD24/ESA cell surface marker assay 

 

Breast cancer cells (0.3 – 1.5 × 105 cells per well) were seeded in 6-well plates (SB 

Medical) and grown in D-MEM supplemented with 10% FBS at 37°C in a 5% CO2 

atmosphere for two days. After washing with PBS, the cells were incubated with 

D-MEM supplemented with 10% FBS plus indicated concentrations of olaparib and/or 

SN38 for three days. 

To analyze cell surface markers, the dispersed cells were treated with three 

fluorescene-labeled antibodies, PE conjugated anti-CD24 antibody (clone G44-26, 

Becton Dickinson), FITC conjugated anti-CD44 antibody (clone ML5, Becton 

Dickinson）, PerCP-Cy5.5 conjugated anti-EpCAM antibody (clone EBA-1, Becton 

Dickinson). Flow cytometry was performed with a FACSCalibur flow cytometer 

(Becton Dickinson), and analyzed using CELLQuest Software version 1.2.2 (Becton 

Dickinson). Cells showing CD44-positive, CD24-negative or low and EpCAM 
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(ESA)-positive were recognized as cancer stem cells [23]. 

 

Western blot analysis 

 

The MDA-MB-231 and KPL-3C cells were treated with 2μM olaparib plus minus 10 or 

20 μM U0126 (Promega, Madison, WI, USA), respectively. After the treatments for 0, 1, 

12 and 24 hours, the cells were collected and eluted by the elution buffer (100μl RIPA 

buffer, 1μM EDTA, 1μM Halt Protease and Phosphatase Inhibitor Cocktail, Thermo, 

Waltham, MA, USA). The supernatant was collected and centrifuged at 4 ℃ by 15,000 

rpm. After adjusting the amount of protein to 5μg per sample using BCA Protein Assay 

(Bio-Rad Laboratories, Hercules, CA, USA), electrophoresis is performed in 10% 

SDS-PAGE gel (Bio-Rad Laboratories), and transferred to a polyvinylidene fluoride 

membrane (Bio-Rad Laboratories). After blocking the membrane with 1% 

albumin/T-TBS (Tris-buffered saline with 0.1% [v/v] Tween-20), treatments with 

primary antibodies and secondary antibodies were performed. As primary antibodies, 

anti-p-ERK (E-4, sc-7383, 1:1,000), anti-ERK1 (K-23, sc-94, 1:2,000) and anti-β-actin 

(ACTBD11B7, sc-81178, 1:2,000) monoclonal antibodies were used. As secondary 

antibodies, anti-goat anti-mouse IgG-horseradish peroxidase (HRP) (sc-2055, 1:1,000) 

and anti-goat anti-rabbit IgG-HRP (sc-2054, 1:2,000) were used. All antibodies were 

purchased from Santa Cruz Co. (CA, USA). Chemiluminescence was made by the ELC 

kit (GE Healthcare Japan, Tokyo, Japan) and analyzed with the ChemiStage CC 

chemiluminescence detection-16 (KURABO, Japan). Both ERK1 and β-actin were used 

as the internal control [24].  

  

Statistical analysis 
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All values are expressed as the mean ± SE. ANOVA analysis with StatView computer 

software (ATMS Co., Tokyo, Japan) was used to compare the differences between two 

groups. A two-sided P value less than 0.05 was considered statistically significant. 

 

Results 

 

Anti-tumor activity of olaparib 

 

The IC50s of olaparib were 1.27 ± 0.09 μM and 1.97 ± 0.52 μM for the KPL-1 and 

KPL-3C cell lines of the ER-positive and HER2-negtive subtype, respectively. Those 

were 2.95 ± 0.10 μM and 1.93 ± 0.13 μM for the MDA-MB-157 and MDA-MB-231 

cell lines of the basal B subtype, respectively. In contrast, those were much higher for 

the BT-474 and KPL-4 cell lines expressing a high level of HER2 (Figure 1). 

 

Effects of olaparib on the cell cycle progression and apoptosis 

 

Olaparib significantly increased the percentage of cells at the G2/M phase in the 

MDA-MB-231 and KPL-3C cells, respectively. The percentages of cells at the G2/M 

phase were 21.5 ± 0.2% for the control cells, 29.9 ± 0.4% for 2 μM olaparib-treated 

cells (P = 0.0002) and 30.7 ± 0.3% for 5 μM olaparib-treated cells (P = 0.0001) in the 

MDA-MB-231 cells (Figure 2A). The percentages of cells at the G2/M phase were 18.2 

± 0.7% for the control cells, 29.1 ± 0.5% (P = 0.0425) for 2 μM olaparib-treated cells 

and 52.2 ± 3.8% (P = 0.0018) for 5μM olaparib-treated cells in the KPL-3C cells 

(Figure 2B). In contrast, olaparib did not significantly increase the percentage of cells at 
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the G2/M phase in the olaparib-resistant BT-474 cells. 

Olaparib dose-dependently increased the percentage of apoptotic cells in both 

cell lines. The percentages of apoptotic cells were 5.6 ± 0.2% for the control cells, 10.5 

± 0.1% for 2 μM olaparib-treated cells (P = 0.0004) and 15.6 ± 0.2% for 5 μM 

olaparib-treated cells (P < 0.0001) in the MDA-MB-231 cells (Figure 3A). The 

percentages of apoptotic cells were 2.5 ± 0.4% for the control cells, 10.3 ± 0.3% for 2 

μM olaparib-treated cells (P = 0.0003) and 14.8 ± 0.0% for 5 μM olaparib-treated cells 

(P < 0.0001) in the KPL-3C cells (Figure 3B). Olaparib slightly increased the 

percentage of apoptotic cells in the BT-474 cells (Figure 3C). 

 

Effects of olaparib on ERK phosphorylation 

 

Recent experimental studies have revealed a close relationship between the ERK 

signaling pathway and PARP activity, which is unrelated to DNA damage [25, 26]. 

Additionally, some biological agents have been reported to promote a sustained ERK 

phosphorylation and induce a G2/M cell cycle accumulation and apoptosis [24, 27, 28], 

changes in the expression levels of p-ERK were investigated after the treatment with 

olaparib and/or a MEK inhibitor U0126 to elucidate action mechanisms of olaparib. 

Olaparib increased the expression level of p-ERK at 1 hour and 12 hours after 

the start of the treatment in the MBA-MB-231 cells. In contrast, olaparib increased it at 

12 hours and 24 hours after in the KPL-3C cells. U0126 completely suppressed the 

up-regulation of p-ERK expression in both cell lines (Figure 4). To test whether the 

up-regulation of p-ERK expression by olaparib causes the G2/M cell cycle 

accumulation and apoptosis induction, changes in the cell cycle progression and 

apoptosis after the treatment with olaparib plus minus U0126 were also investigated. As 



12 
 

expected, U0126 completely suppressed the G2/M cell cycle accumulation and 

apoptosis induction by olaparib in the MDA-MB-231 cells (Figure 5). 

 

Effects of olaparib on the proportion of cancer stem cells 

 

Olaparib significantly decreased the proportion of CD44+/CD24- or low/ESA+ cells in the 

MDA-MB-231 cells. The proportions were 2.9 ± 0.2% for the control cells, 1.7 ± 0.2% 

for 2 μM olaparib-treated cells (P = 0.0139) and 1.2 ± 0.1% for 5 μM olaparib-treated 

cells (P = 0.0052), respectively. Olaparib also slightly decreased the proportion of 

CD44+/CD24- or low/ESA+ cells in the KPL-3C cells. The proportions were 14.1 ± 2.2% 

for the control cells, 12.5 ± 0.3% for 2 μM olaparib-treated cells (P = 0.4656) and 11.0 ± 

0.6% for 5 μM olaparib-treated cells (P = 0.1956), respectively. Interestingly, olaparib 

slightly decreased the proportion of CD44+/CD24-/low/ESA+ cells in the 

olaparib-resistant BT-474 cells. The proportions were 11.5 ± 1.0% for the control cells, 

7.6 ± 1.8% for 2 μM olaparib-treated cells (P = 0.1436) and 4.6 ± 1.3% for 5 μM 

olaparib-treated cells (P = 0.0397), respectively (Figure 6). 

Similarly, olaparib significantly decreased the number of mammospheres 

formed by all cell lines tested (Figure 7). The numbers of mammospheres/1,000 seeded 

cells were 62.5 ± 2.5 for the control cells, 45.0 ± 3.0 for 2 μM olaparib-treated cells (P = 

0.0191) and 42.5 ± 2.5 for 5 μM olaparib-treated cells (P = 0.0132), respectively, in the 

MDA-MB-231 cells. The numbers were 361.0 ± 1.0 for the control cells, 119.5 ± 1.5 for 

2 μM olaparib-treated cells (P < 0.0001) and 83.5 ± 3.5 for 5 μM olaparib-treated cells 

(P < 0.0001), respectively, in the KPL-3C cells. Interestingly, olaparib also slightly 

decreased the numbers of mammospheres/1,000 seeded cells in the olaparib-resistant 

BT-474 cells. The numbers were 77.5 ± 2.5 for the control cells, 65.5 ± 0.5 for 2 μM 
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olaparib-treated cells (P = 0.0426) and 58.5 ± 3.5 for 5 μM olaparib-treated cells (P = 

0.0126), respectively. 

 

Anti-tumor activity of olaparib in combination with chemotherapeutic agents 

 

To investigate combined anti-tumor activity of olaparib with chemotherapeutic agents, 

the MDA-MB-231 and KPL-3C cells were treated with 2μM olaparib plus minus 

indicated concentrations of five different chemotherapeutic agents. Combination 

indexes were calculated as described in the Material and Methods and shown in Table 1. 

A significant additive anti-tumor activity was observed in the combination of 

olaparib with SN38 in the MDA-MB-231 cells (the combination index = 0.24 ± 0.04, 

Figure 8). Non-significant but close to significantly additive interactions were also 

observed in the combination of olaparib with etoposide for the MDA-MB-231 cells, and 

that of olaparib with doxorubicin for the KPL-3C cells (the combination indexes were 

0.51 ± 0.02 and 0.52 ± 0.01, respectively). 

 

Anti-tumor and anti-cancer stem cell activity of olaparib combined with SN38 

 

To investigate effects of a combined treatment of olaparib with SN38 on cell cycle 

progression, induction of apoptosis and the proportion of cancer stem cells, the 

MDA-MB-231 cells were treated with olaparib plus minus 0.25 nM SN38 for three 

days. 

This combination significantly enhanced a G2/M cell cycle accumulation more than 

each agent alone. The percentages of cells at the G2/M phase were 7.6 ± 0.2% in the 

control cells, 8.6 ± 0.4% in 2 μM olaparib-treated cells, 14.6 ± 0.3% in 0.25 nM 
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SN38-treated cells and 29.3 ± 0.2% in the combination (olaparib alone vs. combination, 

P < 0.0001; SN38 alone vs. combination, P < 0.0001, Figure 9A). Similarly, this 

combination significantly enhanced apoptosis induction more than each agent alone. 

The percentages of apoptotic cells were 5.9 ± 0.5% in the control cells, 10.5 ± 0.1% in 2 

μM olaparib-treated cells, 9.8 ± 0.3% in 0.25 nM SN38-treated cells and 16.4 ± 0.3 in 

the combination (olaparib alone vs. combination, P = 0.0001; SN38 alone vs. 

combination, P < 0.0001, Figure 9B). 

Based on the CD44/CD24/ESA cell surface assay, the proportion of CD44+/CD24- or 

low/ESA+ putative cancer stem cells was decreased by olaparib alone or olaparib/SN38 

combination, but it was not changed by SN38 alone (Figure 10A). The proportions were 

3.1 ± 0.1% in the control cells, 2.4 ± 0.2% in olaparib-treated cells (P = 0.0409, 

compared with control), 3.4 ± 0.3% in SN38-treated cells (P = 0.3460, compared with 

control) and 2.0 ± 0.3% in the combined treated cells (P = 0.0117, compared with 

control).  

Similarly, the number of mammospheres was decreased by olaparib alone or 

olaparib/SN38 combination, but it was not changed by SN38 alone (Figure 10B). The 

numbers of colonies/1,000 seeded cells were 57.5 ± 2.5 in the control cells, 37.0 ± 3.0 in 

olaparib-treated cells (P = 0.0344, compared with control), 61.0 ± 9.0 in SN38-treated 

cells (P = 0.6763, compared with control) and 20.0 ± 5.0 in the combination (P = 0.0085, 

compared with control). 

 

Discussion 

 

Preclinical and clinical studies have shown that PARP inhibitors have potent anti-tumor 

activity in breast cancer cells harboring genetic mutations in BRCA1 or BRCA2 gene 
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[1-5]. Here, we studied the anti-tumor activity as well as anti-cancer stem cell activity of 

a PARP inhibitor olaparib in a panel of six cell lines derived from patients with breast 

cancer of non-familial origin. When we started this study, we expected that the PARP 

inhibitor olaparib may have potent anti-tumor activity in breast cancer cells of the triple 

negative subtype bearing BRCA1 loss or dysfunction. Unexpectedly, olaparib provided 

substantial anti-tumor activity to ER-positive/HER2-negative breast cancer cell lines as 

well as triple negative/basal B breast cancer cell lines (Figure 1). The IC50 of olaparib 

for the cell lines were less than 2 μM. Based on the pharmacokinetic data in a phase Ⅰ 

trial [3], 2 μM olaparib is achievable in the patient blood. However, according to an in 

vitro experiment, the IC50s of olaparib were reported to be close to 0.1 μM in 

BRCA-mutated mammary tumor cells [29]. The IC50s of olaparib were much higher in 

breast cancer cell lines tested in this study than those in the BRCA-mutated mammary 

tumor cells. These findings indicate that olaparib may work by another mechanism 

rather than by so-called synthetic lethality in sporadic non-hereditary breast cancer cells. 

According to the new sub-classification of triple negative breast cancer 

advocated by Lehmann BD et al., the IC50s of olaparib were 14 μM for the 

BRCA1-related MDA-MB-436 cell line of the basal-like subtype and higher than 100 

μM for the MDA-MB-231 and MDA-MB-157 of the mesenchymal stem-like subtype 

used in this study, respectively [6]. The IC50s of olaparib for these cell lines are much 

higher in their report than those in this study. This discrepancy may be derived from 

differences in assay procedures how to treat the cells and to evaluate cell growth. 

Otherwise, the IC50s of olaparib for non-BRCA-related cancer cell lines were closer to 

those obtained from this study [30-32].  

To elucidate the mechanism of action of olaparib, we first examined the effects 

of olaparib on cell cycle progression and apoptosis. Olaparib dose-dependently induced 
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a G2/M cell cycle accumulation and apoptosis in olaparib-sensitive breast cancer cell 

lines of non-familial origin. Interestingly, olaparib unexpectedly inhibited the growth of 

breast cancer cell lines of not only triple negative subtype but also 

ER-positive/HER2-negative subtype. These findings suggest that anti-tumor activity of 

olaparib may be driven not only by so-called synthetic lethality but also by other 

mechanisms. In addition, to further explore the molecular mechanism of olaparib, 

sustained phosphorylation of ERK was investigated based on the reports showing that 

some anti-tumor agents cause sustained phosphorylation of ERK associated with G2/M 

cell cycle accumulation and apoptosis [24, 27, 28]. Although ERK phosphorylation 

plays an important role in the Ras/Raf-MEK-ERK signaling pathway, which is activated 

by various growth factors and regulates cell growth, the ERK pathway also has a 

pro-apoptotic function in apoptosis induced by DNA-damaging agents [26]. Our 

preliminary results have shown that olaparib significantly induces ERK phosphorylation 

and that a combined treatment of olaparib with a MEK inhibitor U0126 completely 

suppresses it and inhibits a G2/M cell cycle accumulation and induction of apoptosis by 

olaparib (Figures 4 and 5). These findings suggest that ERK phosphorylation induced 

by olaparib may, at least in part, play a role in anti-tumor activity of olaparib. 

Recent preclinical studies have shown combined treatments of olaparib with a 

DNA-damaging agent cisplatin synergistically enhance anti-tumor activity in 

BRCA-related cancer cell lines [29, 33].  These findings prompted us to investigate 

combined treatments of olaparib with cytotoxic agents commonly used in the treatment 

of breast cancer. Unexpectedly, only a combined treatment of olaparib with an 

irinotecan metabolite SN38 but not cisplatin showed a more than additive anti-tumor 

activity in the MDA-MB-231 cell line of the triple negative subtype. It has been shown 

that SN38 exerts anti-tumor activity mainly associated with inhibiting type Ⅰ DNA 
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topoisomerase action and inducing apoptosis in target cells [34]. It is conceivable that 

anti-tumor activity of olaparib in non-BRCA-related breast cancer cell lines is not 

simply derived from so-called synthetic lethality. The mechanisms of actions causing an 

additive interaction of olaparib and SN38 are largely unknown so far. Otherwise, a 

recent in vivo study has shown that showed additive anti-tumor activity of olaparib with 

a topoisomerase Ⅰ inhibitor topotecan in the BRCA1;p53-dificient mouse mammary 

tumor model [35].  

Cancer stem cells consisting of a small proportion of cancer have been 

suggested to play important roles in tumor growth, invasion, metastasis and resistance 

to cytotoxic and radiation therapies [7]. Preclinical and clinical studies have shown that 

cytotoxic agents such as anthracyclines and taxanes increased the proportion of 

CD44+/CD24-/ low or aldehyde dehydrogenase-positive putative breast cancer stem cells 

but anti-HER2 agents such as trastuzumab and lapatinib decreased them [36-40]. These 

remnant cancer stem cells may cause tumor recurrence after successful clinical response 

to certain therapies. It should be noted that olaparib alone dose-dependently reduced the 

proportion of putative cancer stem cells measured by either the mammosphere assay or 

the CD44/CD24/ESA cell surface marker assay in this study (Figures 7 and 8). 

Mechanisms of action of olaparib responsible for the reduction in the proportion of 

breast cancer stem cells remain to be elucidated. Recent research data including data in 

this study have suggested that 1) there is a close relationship between the ERK signaling 

pathway and PARP activity, which is unrelated to DNA damage [25, 26], 2) PARP1 

inhibition may modulate ERK signaling pathway such as sustained ERK 

phosphorylation (Figure 4) and may damage the ability of self-renewal and/or survival 

of cancer stem cells. Interestingly, a recent study has also reported that icaritin, a 

prenylflavonoid derivative, induced a sustained phosphorylation of ERK and more 
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potently inhibited the growth of breast cancer stem cells [24]. 

Preclinical studies have shown that anti-tumor agents attacking both cancer 

stem cells and non-cancer stem cells may provide a longer progression-free survival or 

cure of cancer to the patients [8-10]. Therefore, we investigated anti-cancer stem cell 

activity of olaparib plus conventional cytotoxic agents. Although a chemotherapeutic 

agent SN38 alone showed anti-tumor activity without a decrease in the proportion of 

cancer stem cells, a combined treatment of olaparib and SN38 showed an enhanced 

antitumor activity with a decrease in the proportion of cancer stem cells (Figures 9 and 

10). These findings suggest that a combined treatment of olaparib with SN38 may 

provide stronger and long-lasting antitumor activity in the treatment of breast cancer. 

Clinical studies are needed to clarify the additive interaction of olaparib with irinotecan 

in the near future. 
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Table 1 

Combination indexes of olaparib with five different cytotoxic agents in two breast 

cancer cell lines sensitive to olaparib 

 

 
Doxorubicin Etoposide Cisplatin Paclitaxel SN38 

KPL-3C 0.52±0.01 0.84±0.06 0.67±0.34 1.25±0.04 0.85±0.01 

MDA-MB-231 0.72±0.01 0.51±0.02 0.74±0.22 1.07±0.03 0.24±0.04 
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Figure Legends 

 

Figure 1 

Growth inhibitory curves of olaparib in a panel of six breast cancer cell lines of 

non-familial origin. The cells were treated with the indicated concentration of olaparib 

for three days. The values were the means±SEs. -◆-, KPL-1 cells; -■-, KPL-3C cells; 

-▲ -, BT-474 cells; -□ -, KPL-4 cells; -✳ -, MDA-MB-157 cells; and -● -, 

MDA-MB-231 cells. 

 

Figure 2 

Effects of olaparib on cell cycle progression in the MDA-MB-231 cells (A) and 

KPL-3C cells (B). The cells were treated with 2 or 5 μM of olaparib for three days. 

Percentages of cells at each cell cycle phase were analyzed as described in the Materials 

and Methods. The values at each cell cycle phase were the means±SEs. White bars 

represent the values for the control cells. Grey bars represent the values for 2 μM 

olaparib-treated cells. Black bars represent the values for 5μM olaparib-treated cells. *, 

P < 0.05; **, P < 0.01. 

 

Figure 3 

Effects of olaparib on apoptosis induction in the MDA-MB-231 cells (A), KPL-3C cells 

(B) and BT-474 cells (C). The cells were treated with 2 or 5 μM of olaparib for three 

days. Percentages of apoptotic cells were analyzed as described in the Materials and 

Methods. The values were the means±SEs. White bars represent the values for the 

control cells. Grey bars represent the values for 2 μM olaparib-treated cells. Black 

bars represent the values for 5μM olaparib-treated cells. *, P < 0.05; **, P < 0.01. 
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Figure 4 

Western blot analyses for p-ERK, ERK and β-actin in the MDA-MB-231 cells (A) and 

KPL-3C cells (B). The cells were treated with 2 μM olaparib plus minus 10 or 20μM 

U0126 for indicated duration of time.  

 

Figure 5 

Effects of olaparib and U0126 on cell cycle progression (A) and apoptosis induction (B) 

in the MDA-MB-231 cells. The cells were treated with 2 μM olaparib plus minus 10

μM U0126 for three days. Percentages of cells at each cell cycle phase and apoptotic 

cells were analyzed as described in the Materials and Methods. The values were the 

means±SEs. White bars represent the values for the control cells. Light grey bars 

represent the values for 2 μM olaparib-treated cells. Dark grey bars represent the 

values for 10μM U0126-treated cells. Black bars represent the values for cells treated 

with both agents. *, P < 0.05; **, P < 0.01. 

 

Figure 6 

Effects of olaparib on the proportion of CD44+/CD24- or low/ESA+ putative cancer stem 

cells in the MDA-MB-231 cells (A), KPL-3C cells (B) and BT-474 cells (C). The cells 

were treated with 2 or 5 μM of olaparib for three days. Percentages of CD44+/CD24- or 

low/ESA+ cells were analyzed as described in the Materials and Methods. The values 

were the means±SEs. White bars represent the values for the control cells. Grey bars 

represent the values for 2 μM olaparib-treated cells. Black bars represent the values 

for 5μM olaparib-treated cells. *, P < 0.05; **, P < 0.01. 
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Figure 7 

Effects of olaparib on the number of mammospheres/1,000 seeded cells in the 

MDA-MB-231 cells (A), KPL-3C cells (B) and BT-474 cells (C). The cells were treated 

with 2 or 5 μM of olaparib for three days. Mammospheres were analyzed as described 

in the Materials and Methods. The values were the means±SEs. White bars represent 

the values for the control cells. Grey bars represent the values for 2 μ M 

olaparib-treated cells. Black bars represent the values for 5μM olaparib-treated cells. *, 

P < 0.05; **, P < 0.01. 

 

Figure 8 

Growth inhibitory curves of SN38 plus minus olaparib in the MDA-MB-231 cells. The 

cells were treated with the indicated concentrations of SN38 plus minus 2 μM olaparib 

for three days. The values were the means±SEs. ○-○, SN38 alone; and ●-●, SN38 

and olaparib. 

 

Figure 9 

Effects of olaparib and SN38 on cell cycle progression (A) and apoptosis induction (B) 

in the MDA-MB-231 cells. The cells were treated with 2 μM olaparib plus minus 0.25 

nM SN38 for three days. Percentages of cells at each cell cycle phase and apoptotic 

cells were analyzed as described in the Materials and Methods. The values were the 

means±SEs. White bars represent the values for the control cells. Light grey bars 

represent the values for olaparib-treated cells. Dark grey bars represent the values for 

SN38-treated cells. Black bars represent the values for cells treated with both agents. *, 

P < 0.05; **, P < 0.01. 
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Figure 10 

Effects of olaparib and SN38 on the proportion of CD44+/CD24- or low/ESA+ putative 

cancer stem cells (A) and number of mammospheres/1,000 seeded cells (B) in the 

MDA-MB-231 cells. The cells were treated with 2 μM olaparib plus minus 0.25 nM 

SN38 for three days. The cell surface marker assay and mammosphere assay were 

performed as described in the Materials and Methods. The values were the means±SEs. 

White bars represent the values for the control cells. Light grey bars represent the values 

for olaparib-treated cells. Dark grey bars represent the values for SN38-treated cells. 

Black bars represent the values for cells treated with both agents. *, P < 0.05; **, P < 

0.01. 
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