
Abstract. Background/Aim: Olaparib was previously shown
to synergistically enhance the cytotoxicity of DNA synthesis
inhibitors in oesophageal carcinoma (OC) cell lines.
However, the mechanisms of this synergy are not fully
understood. As P53 binding protein 1 (53BP1) expression
was previously shown to potentiate the anticancer effect of
olaparib, we investigated the involvement of 53BP1 in the
synergetic cytotoxic effects of olaparib and anticancer drugs
in KYSE70 cells. Materials and Methods: Experiments
included small interfering RNA transfection, growth
inhibition assays, western blots, immunofluorescence, and
flow cytometry. Results: The toxicity of DNA synthesis-
inhibiting agents plus olaparib was decreased when 53BP1
was depleted. Olaparib cotreatment significantly increased
phosphorylated H2A histone family member X (γH2AX) foci
as well as 53BP1/γH2AX co-localisation in anticancer drug-
treated cells. Silencing of 53BP1 suppressed anticancer
drug-induced apoptosis with or without olaparib.
Conclusion: Olaparib potentiates the cytotoxicity of
anticancer drugs through 53BP1 in OC cells. 

Oesophageal carcinoma (OC) is a malignant disease with a
low 5-year survival rate (36%); moreover, 54% of patients
have invasion and/or metastasis to other organs when
diagnosed (1, 2). Therefore, cancer chemotherapy is essential
to improve the outcomes of patients with this disease.
Combination of 5-fluorouracil (5-FU) and cisplatin (CDDP)
(FP therapy) and as well as FP plus docetaxel are typical
first-line treatments that improve outcomes; the response rate
to FP therapy is 35-40% in patients with OC (3, 4). However,

60% of patients fail to respond to treatment, and their
options post first-line therapy are limited (5). Therefore,
alternative anticancer chemotherapies are critical for
improving the outcomes of patients with OC.

Poly (ADP-ribose) polymerase (PARP) inhibitors
competitively inhibit PARP enzymatic activity and suppress
DNA damage-repair and -response (DDR) pathways that are
activated following single- or double-strand breaks (DSBs)
(6, 7). The PARP inhibitor veliparib was found to prolong
the median progression-free survival of patients with ovarian
cancer when administered with paclitaxel and carboplatin
therapy (8). Olaparib, the only PARP inhibitor clinically used
in Japan, sensitizes OC cell lines to CDDP or radiation in
vitro (9, 10). We previously discovered that olaparib
synergistically enhanced the cytotoxicity of CDDP,
doxorubicin, 7-ethyl-10-hydroxy-camptothecin (SN-38), and
temozolomide via increased DNA damage in OC cell lines
(11). Therefore, it is expected that PARP inhibitors may
improve the outcomes of patients with this disease; however,
the mechanisms by which PARP inhibitors elicit drug
sensitization in OC cells are not fully understood.

A single administration of PARP inhibitor combined with
cancer chemotherapy has been shown to benefit patients with
various cancers who carry the DDR gene mutation. Cancer
chemotherapy plus olaparib or veliparib prolonged the
progression-free survival of patients with ovarian cancer who
were positive for the BRCA1/2 genes (8, 12), which are DDR
genes (13). Moreover, olaparib prolonged the progression-free
survival of patients with prostate cancer with any of the 12
DDR gene mutations, including BRCA1/2 (14). 

DSB-induced signalling involves non-homologous end
joining (NHEJ) DNA repair, which is promoted by p53
binding protein 1 (53BP1) (15). NHEJ is an error-prone
DNA repair mechanism that often results in chromosomal
aberrations and cell toxicity. Separately, olaparib has been
shown to promote the 53BP1-dependent NHEJ pathway,
resulting in the accumulation of chromosomal breaks in
human bone cell lines (16). In ovarian carcinoma, inhibiting
53BP1 protein expression was associated with attenuation of
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the anti-tumour effect of PARP inhibitors (17). Knockdown
of 53BP1 also decreased the cytotoxicity of PARP inhibitor
and DNA crosslinking agents in mammary epithelial cells
(18). Because olaparib-induced cytotoxicity is 53BP1-
dependent, the synergistic cytotoxicity of anticancer drugs
and olaparib may depend on 53BP1 protein expression in OC
cell lines.

As such, we performed this study to investigate the role
of 53BP1 in the synergistic cytotoxicity of anticancer drugs
and olaparib in OC cell lines.

Materials and Methods

Chemicals and reagents. Olaparib was obtained from LKT
Laboratories (St. Paul, MN, USA) and 5-FU was purchased from
Sigma-Aldrich (St. Louis, MO, USA). CDDP and doxorubicin were
purchased from FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). Docetaxel, SN-38, and temozolomide were
purchased from Tokyo Chemical Industry (Tokyo, Japan).

Cell culture. The human OC cell line KYSE70 was obtained from
the Health Science Research Resources Bank (Osaka, Japan) (19).
Cells were maintained in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated foetal bovine serum (Thermo Fisher
Scientific), 100 units/mL of penicillin, and 100 μg/ml of
streptomycin (Nacalai Tesque, Kyoto, Japan). Cells were cultured
at 37˚C in a humidified atmosphere containing 5% CO2.

Transfection of small interfering RNA (siRNA). siRNAs directed at
the genes that encode 53BP1and REV7 (also known as mitotic
arrest deficient 2 like 2) as well as a negative control (No. 1; siNC)
were purchased from Thermo Fisher Scientific. siRNAs were
transfected using OptiMEM™ medium (Thermo Fisher Scientific)
and Lipofectamine RNAiMAX reagents (Thermo Fisher Scientific)
according to manufacturer’s instructions. Transfections were
performed as described previously (20). In brief, 5×105 cells were
plated into 6-well plates and incubated for 24 h, following which
they were transfected with siRNA (25 pmol) and incubated for 48
h; the same amount of siRNA was transfected once again for 24 h
after which the cells were used for experiments. The siRNA
sequences were as follows: 
si53BP1: 5’-GAAGGACGGAGUACUAAUATT-3’
siREV7: 5’-CAGACUCGCUGUUGUCUCATT-3’ 

Western blot analysis. Western blotting was performed as previously
described (21). siRNA transfected-KYSE70 cells (2×105) were
plated into 6-well plates and incubated for 2 and 6 days. The cells
were then harvested and lysed with CelLytic™ M (Sigma-Aldrich)
containing 1% protease inhibitor cocktail for use with mammalian
cell and tissue extracts (Nacalai Tesque, Kyoto, Japan). Cell lysate
protein content was measured using the Bradford method-based
protein assay (22) via a commercial reagent purchased from Wako.
Equal amounts of protein were loaded on 5-20% (53BP1 and β-
actin) or 10-20% (REV7 and β-actin) gradient polyacrylamide gels
(SuperSep Ace, FUJIFILM Wako). Following SDS/PAGE
separation, proteins were transferred to polyvinylidene difluoride
membranes (ClearTrans SP® PVDF membrane, FUJIFILM Wako).

Membranes were blocked in phosphate-buffered saline/0.1% Tween
20 (PBS-T) containing 1% skim milk (FUJIFILM Wako) and
incubated with primary antibodies at 4˚C overnight. The following
primary antibodies were used: anti-53BP1 rabbit monoclonal IgG
[EPR2172(2), Abcam, Cambridge, UK], anti-REV7 rabbit
monoclonal IgG (EPR13657, Abcam), and anti-β-actin mouse
monoclonal IgG1 (2F3, FUJIFILM Wako). The anti-53BP1
(1:4,000) or anti-REV7 (1:4,000) antibody was diluted in Can Get
Signal Immunoreaction Enhancer Solution I (Toyobo, Osaka,
Japan), while the anti-β-actin (1:1,000) antibody was diluted in
PBS-T. Secondary horseradish peroxidase-conjugated antibodies
were incubated with the membranes for 1 h at room temperature.
The following secondary antibodies were used: anti-rabbit IgG
antibodies (GE Healthcare, Little Chalfont, UK) for REV7 or
53BP1, and anti-mouse IgG antibodies (GE Healthcare) for β-actin.
The anti-rabbit (1:20,000) and anti-mouse (1:25,000) antibodies
were diluted in Can Get Signal Immunoreaction Enhancer Solution
Ⅱ and PBS-T, respectively. Proteins were detected using the
ImmunoStar® LD reagent (FUJIFILM Wako) and visualized with
Fusion Solo S (Vilber-Lourmat, Collégien, France).

Growth inhibition assay. Cell survival was measured using the
CellQuanti-Blue™ Cell Viability Assay Kit (BioAssay Systems,
Hayward, CA, USA) as described previously (18). In brief, siRNA
transfected-KYSE70 cells (1×103) were seeded into a 96-well plate
for 24 h. Cells were treated for 1 week to various concentrations of
anticancer drugs with or without olaparib (5 μM). After the medium
was removed, cells were treated with CellQuanti-Blue™ reagent
solution (medium:reagent=10:1). After 5 h, the fluorescence
intensity was measured using a PowerScan® HT multi-mode
microplate reader (DS Pharma Biomedical, Osaka, Japan) at
excitation and emission wavelengths of 535 and 590 nm,
respectively. Half-maximal inhibitory concentrations (IC50 values)
were calculated according to the sigmoid inhibitory effect model
(eq. 1) using the nonlinear least-squares fitting method (Solver,
Microsoft Excel; Redmond, WA, USA).

(1)

E and Emax represent the surviving fraction (% of control) and its
maximum, respectively. C and γ are the drug concentration in the
medium and the sigmoidicity factor, respectively (23).

Immunofluorescence analysis. KYSE70 cells (2×104) were grown
in black 96-well plates for 24 h. Cells were treated with anticancer
drugs with or without olaparib (5 μM) for 24 h. The cells were then
treated for 10 min with 0.2% Triton X-100 in PBS on ice for REV7
and 53BP1 co-detection but not for phosphorylated H2A histone
family member X (γH2AX: a biomarker of DSBs) (24) and 53BP1
co-detection. Next, cells were fixed with 4% paraformaldehyde for
15 min, permeabilised with 0.2% Triton X-100 in PBS for 30 min,
and blocked for 1 h in PBS containing 0.1% bovine serum albumin.
The cells were then incubated overnight with primary antibodies at
4˚C. The primary antibodies except for those conjugated to a
fluorescent label were probed with secondary antibodies for 1 h at
room temperature, after which the fluorescent-labelled primary
antibody against the co-detected protein was incubated at 4˚C
overnight. The primary and secondary antibodies used for γH2AX
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and 53BP1 co-detection and their dilutions were as follows: anti-
phospho-histone H2AX Ser139 (γH2AX) mouse monoclonal IgG1
(JBW301, 1: 20,000; Merck Millipore, Billerica, MA, USA); anti-
53BP1 rabbit monoclonal IgG antibody [EPR2172(2), 1: 20,000,
Abcam]; anti-mouse IgG (H/L), F(ab’) 2 Fragment Alexa Fluor®
488 Conjugate (1:1,000, Cell Signalling Technology, Danvers, MA,
USA) for γH2AX-detection; and anti-rabbit IgG (H+L), F(ab’)2
Fragment Alexa Fluor® 647 Conjugate (1:1,000, Cell Signalling
Technology) for 53BP1-detection. For REV7 and 53BP1 co-
detection, the primary or secondary antibodies and their dilutions
were as follows: anti-53BP1 rabbit monoclonal IgG antibody Alexa
Fluor® 488 conjugate [EPR2172(2), 1: 20,000; Abcam]; anti-REV7
rabbit monoclonal IgG (EPR13657, 1: 20,000; Abcam); and anti-
rabbit IgG (H+L), F(ab’)2 Fragment Alexa Fluor® 647 Conjugate

(1:1,000, Cell Signalling Technology) for REV7-detection. All
primary and secondary antibodies were diluted in Can Get Signal
Immunostain Solution A (Toyobo) and PBS-T, respectively. Cell
nuclei were stained with 0.2 μg/ml 4’,6-diamidino-2-phenylindole
(DAPI) in PBS. Cells were visualized using an Operetta High
Content imaging microscope (PerkinElmer, Waltham, MA, USA).
The numbers and co-localisations of nuclear foci were analysed by
recognizing Alexa Fluor® 488 (γH2AX or 53BP1) or Alexa Fluor®
647 (53BP1 or REV7) spots using the Harmony software
(PerkinElmer). At least 100 cells per sample were analysed.

Apoptosis assay. siRNAs treated-KYSE70 cells (2.0×106) were seeded
onto 6-well plates and incubated for 24 h. The cells were treated with
anticancer drugs with or without olaparib (5 μM) for 48 h. The floating
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Figure 1. Effects of si53BP1-transfection on the cytotoxicity of anticancer drugs administered with or without olaparib to KYSE70 cells. (A) Two
and 6 days after transfection, total protein was extracted from whole-cell lysates, and western blotting was performed for 53BP1 and β-actin
(reference protein) detection. (B) siRNA-transfected cells were seeded onto 96-well plates. After culturing for 24 h, cells were exposed continuously
to the indicated drug concentrations for 1 week with or without olaparib (5 μM). Cell viability was determined using the CellQuanti-Blue™ cell
viability assay kit. Each point represents the mean±standard error (n=4). siRNA, Small interfering RNA; si53BP1, siRNA against 53BP1; siNC,
negative control siRNA; 5-FU, 5-fluorouracil; CDDP, cisplatin; SN-38, 7-ethyl-10-hydroxy-camptothecin.



and adherent cells were harvested and suspended in annexin V binding
buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl and 2.5 mM
CaCl2]. Next, the cells were stained with annexin V-fluorescein
isothiocyanate (BioLegend, SanDiego, CA, USA) and propidium iodide
(50 μg/ml, Wako) for 15 min. Cellular fluorescence was detected using
the LSRFortessa™X-20 flow cytometer (Becton Dickinson, San Jose,
CA, USA), and analysed using the FACSDiva™ software (Becton
Dickinson). At least 10,000 cells per sample were analysed.

Statistical analyses. All statistical analyses were performed using
EZR (25). Data are presented as means±standard error. Experiments
with 3 or more groups were assessed using a repeated one-way
analysis of variance followed by Tukey’s honest significant
difference test. All analyses were conducted with 2-tailed p-values
and considered statistically significant when p<0.05.

Results
53BP1 knockdown attenuates the cytotoxicity of anticancer
drugs plus olaparib in KYSE70 cells. The expression of

53BP1 was almost completely suppressed at 2 and 6 days
after si53BP1 transfection (Figure 1A). Olaparib shifted the
growth inhibitory curves of all anticancer drugs except 5-FU
to lower concentrations, and significantly decreased their
IC50 values, in siNC-transfected cells (Figure 1B and Table
I). The transfection of si53BP1 into KYSE70 cells shifted
the growth inhibitory curves of CDDP and SN-38 with or
without olaparib to higher concentrations, and significantly
increased the IC50 values of CDDP and SN-38 with or
without olaparib relative to siNC-transfected cells. The ratios
of each cytotoxic drug’s IC50 value in si53BP1-transfected
cells to that in siNC-transfected cells (si53BP1/siNC IC50
ratio) were higher with olaparib (CDDP+olaparib, 3.25; SN-
38+olaparib, 2.12) than without (CDDP alone, 2.07; SN-38
alone, 1.19) (Figure 1B and Table I). The transfection of
si53BP1 did not shift the growth inhibitory curve and IC50
value of doxorubicin in the absence of olaparib, although
temozolomide curves without olaparib shifted to lower
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Table Ⅰ. IC50 values of anticancer drugs without or with olaparib in siNC- or si53BP1-transfected KYSE70 cells.

Anticancer drug                                                               Control                                                                                            Olaparib

                                                     siNC                           si53BP1                     Ratio                      siNC                               si53BP1                      Ratio

5-FU (μM)                              2.39±0.021                     2.31±0.17                     0.96                  1.92±0.076                         2.03±0.19                      1.06
CDDP (μM)                            1.06±0.025                 2.20±0.0082**                2.07              0.408±0.057**                 1.56±0.029**,††                 3.25
Docetaxel (nM)                    0.551±0.0054                0.570±0.0090                 1.03             0.444±0.0076**                 0.467±0.010**                  1.05
SN-38 (nM)                             8.48±0.17                    10.1±0.51**                  1.19               2.19±0.092**                  4.66±0.046**,††                 2.12
Doxorubicin (nM)                   84.4±3.1                        83.4±1.0                      0.98                  56.1±1.6**                      66.7±1.2**,††                   1.19
Temozolomide (μM)                19.3±1.8                      8.28±1.2**                    0.42                 2.01±0.46**                      3.33±0.73**                    1.65

These data are shown as means±standard errors (n=4). Ratio=the IC50 values for anticancer drugs with or without olaparib in si53BP1-transfected
cells divided into groups treated under the same conditions as siNC-transfected cells. Significant differences were determined using an analysis of
variance followed by Tukey’s test (**p<0.01 vs. control in siNC-transfected KYSE70 cells; and ††p<0.01 vs. anticancer drugs with olaparib in
siNC-transfected KYSE70 cells). si53BP1, Small interfering RNA against 53BP1; siNC, negative control siRNA; 5-FU, 5-fluorouracil; CDDP,
cisplatin; SN-38, 7-ethyl-10-hydroxy-camptothecin.

Table Ⅱ. IC50 values of anticancer drugs without or with olaparib in siNC- or siREV7-transfected KYSE70 cells.

Anticancer drugs                                                              Control                                                                                            Olaparib

                                                     siNC                            siREV7                     Ratio                      siNC                                siREV7                       Ratio

CDDP (μM)                           0.827±0.023               0.458±±0.014**               0.55              0.278±0.020**                0.183±0.029**,†                 0.65
SN-38 (nM)                             19.3±0.34                     13.4±0.47*                    0.69                 3.65±0.34**                    1.42±0.54**,†                   0.39
Doxorubicin (nM)                   54.1±1.7                      40.1±1.6**                    0.74                 26.0±0.61**                      24.1±1.1**,†                    0.92
Temozolomide (μM)               25.5±0.24                     15.9±0.48*                    0.62                 8.56±0.47**                    7.26±0.92**,††                  0.84

These data are provided as means±standard errors (n=4). Ratio=the ratio of the IC50 values for anticancer drugs with or without olaparib in siREV7-
transfected cells divided into groups treated under the same conditions as siNC-transfected cells. Significant differences were determined using an
analysis of variance followed by Tukey’s test (*p<0.05; **p<0.01 vs. control in siNC-transfected KYSE70 cells; †p<0.05; and ††p<0.01 vs. anticancer
drug with olaparib in siNC-transfected KYSE70 cells). siREV7, Small interfering RNA against REV7; siNC, negative control siRNA; 5-FU, 5-
fluorouracil; CDDP, cisplatin, SN-38, 7-ethyl-10-hydroxy-camptothecin.
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Figure 2. Effects of olaparib on the nuclear accumulation of γH2AX and 53BP1 induced by anticancer drugs in KYSE70 cells. Cells were seeded
onto black 96-well plates. After culturing for 24 h, cells were exposed continuously to the indicated anticancer drug with or without olaparib (5
μM) for 24 h. The concentrations of anticancer drugs are as follows: (A) 5-FU, 1 μM; (B) CDDP, 1 μM; (C) docetaxel, 1 nM; (D) SN-38, 10 nM;
(E) doxorubicin, 100 nM; and (F) temozolomide, 100 μM. Cells were immunostained for γH2AX or 53BP1, and their accumulation in the nucleus
was examined by immunofluorescence microscopy after counterstaining with DAPI. Each set of panels shows the numbers of γH2AX foci in the
nucleus (left) and the numbers of 53BP1 foci co-localised with γH2AX (right). Each bar represents the mean±standard error (n=3). Significant
differences were determined by an analysis of variance followed by Tukey’s test (**p<0.01 vs. control †p<0.05, ††p<0.01, N.S., not significant). 5-
FU, 5-Fluorouracil; CDDP, cisplatin; SN-38, 7-ethyl-10-hydroxy-camptothecin.



concentrations and lower IC50 values following si53BP1
transfection. However, the growth inhibitory curves of
doxorubicin and temozolomide with olaparib shifted to
higher concentrations and increased IC50 values following
si53BP1 transfection. The si53BP1/siNC IC50 ratios of
doxorubicin+olaparib (1.19) and temozolomide+olaparib
(1.65) were higher than those of either drug alone (0.98 and
0.42, respectively). However, si53BP1 transfection hardly
affected the growth inhibitory curves and IC50 values of 5-
FU and docetaxel irrespective of olaparib treatment (Figure
1B and Table I).

Effects of olaparib on drug-induced nuclear accumulation of
γH2AX and 53BP1 in KYSE70 cells. Olaparib increased the
number of γH2AX foci and the amount of 53BP1-γH2AX co-
localisation. CDDP, SN-38, doxorubicin, and temozolomide

also increased these numbers in KYSE70 cells, while 5-FU
and docetaxel did not. Olaparib additively increased the
number of γH2AX foci and induced 53BP1-γH2AX co-
localisation in CDDP-, doxorubicin-, SN-38- and
temozolomide-treated cells (Figure 2).

Effects of olaparib on drug-induced nuclear accumulation of
53BP1 and REV7 in KYSE70 cells. CDDP, SN-38,
doxorubicin, and temozolomide increased the accumulation
of 53BP1 foci as well as of REV7 foci co-localised with
53BP1 in KYSE70 cells. However, olaparib inclusion with
these treatments did not produce an additive increase in the
same (Figure 3A-D).

Knockdown of REV7 increased the cytotoxicity of anticancer
drug with and without olaparib in KYSE70 cells. REV7 protein
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Figure 3. Effects of olaparib on the nuclear accumulation of 53BP1 and REV7 caused by anticancer drugs in KYSE70 cells. Cells were seeded onto
black 96-well plates. After culturing for 24 h, cells were exposed continuously to the indicated anticancer drug with or without olaparib (5 μM) for
24 h. The concentrations of anticancer drugs are as follows: (A) CDDP, 1 μM; (B) SN-38, 10 nM; (C) doxorubicin, 100 nM; and (D) temozolomide,
100 μM. Cells were immunostained for 53BP1 or REV7, and their accumulations in the nucleus were examined by immunofluorescence microscopy
after counterstaining with DAPI. Each set of panels shows the number of 53BP1 foci in nucleus (left) and the number of REV7 foci co-localised
with 53BP1 (right). Each bar represents the mean±standard error (n=3). Significant differences were determined by an analysis of variance followed
by Tukey’s test (*p<0.05; **p<0.01 vs. control; †p<0.05; ††p<0.01; N.S., not significant). 5-FU, 5-Fluorouracil; CDDP, cisplatin; SN-38, 7-ethyl-
10-hydroxy-camptothecin.



expression was suppressed almost completely at 2 and 6 days
post-siREV7 transfection (Figure 4A). Transfection of siREV7
shifted the growth inhibitory curves of CDDP, doxorubicin,
SN-38, and temozolomide to lower concentrations with or
without olaparib treatment; the IC50 values of these drugs were
significantly decreased following siREV7 transfection with or
without olaparib (Figure 4B and Table II). 

Effects of 53BP1 silencing on anticancer drug-induced
KYSE70 cell apoptosis with or without olaparib. The
anticancer drugs significantly increased the number of
annexin V-positive cells in siNC-transfected cells; however,
olaparib did not produce an additional increase in the same.
In si53BP1-transfected cells, no increase in the number of
annexin V-positive cells was observed following anticancer
drug and olaparib treatment (Figure 5A-D).

Discussion

Olaparib enhanced the sensitivity of anticancer drugs (other
than 5-FU) in KYSE70 cells. Depletion of 53BP1 attenuated

the sensitivity of CDDP and SN-38 without olaparib in
KYSE70 cells. In the presence of olaparib, the sensitivities
of CDDP, SN-38, doxorubicin, and temozolomide (which are
DNA damaging agents) were attenuated following 53BP1
silencing; this attenuation was greater with olaparib co-
treatment. However, depletion of REV7, a downstream
effector of 53BP1-dependent NHEJ repair, did not attenuate
the sensitivity of KYSE70 cells to anticancer drugs
irrespective of olaparib treatment. These findings indicate
that 53BP1 promotes the cytotoxicity of olaparib as well as
its sensitizing of OC cells to DNA synthesis inhibitors in a
manner that is independent of the 53BP1/REV7 pathway.

Olaparib induced DNA damage in CDDP-, SN-38-,
doxorubicin-, and temozolomide-treated KYSE70 cells, and
also increased the number of 53BP1 foci co-localised with
γH2AX in anticancer drugs-treated cells. In a previous study,
SN-38 plus olaparib produced an additive increase in the
number of nuclear γH2AX and 53BP1 foci in colon cancer
cell lines (26). TP53BP1 with a Phe1553Arg-mutation, a
hyperactive form of 53BP1 involved in DDR, enhanced the
cytotoxicity of olaparib in mouse embryonic fibroblasts (27).
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Figure 4. Effects of siREV7-transfection on the cytotoxicity of anticancer drug with or without olaparib in KYSE70 cells. (A) After transfection for
2 and 6 days, total protein was extracted from whole-cell lysates, and western blotting was performed for REV7 and β-actin (reference protein)
detection. (B) siRNA-transfected cells were seeded onto 96-well plates. After culturing for 24 h, cells were exposed continuously to the indicated
drug concentrations with or without olaparib (5 μM) for 1 week. Cell viability was determined using the CellQuanti-Blue™ cell viability assay kit.
Each point represents the mean±standard error (n=4). siRNA, Small interfering RNA; siREV7, siRNA against REV7; siNC, negative control siRNA;
5-FU, 5-fluorouracil; CDDP, cisplatin; SN-38, 7-ethyl-10-hydroxy-camptothecin.



Hence, the sensitivity of CDDP, SN-38, doxorubicin, and
temozolomide may be increased by olaparib via the
accumulation of 53BP1 protein on damaged DNA sites in
OC cell lines.

Olaparib did not increase the number of REV7 foci co-
localised with 53BP1 in anticancer drug-treated cells.
Moreover, depletion of REV7 did not attenuate the
cytotoxicity of anticancer drugs regardless of olaparib
presence. After DSBs are induced, 53BP1 recruits the
shieldin complex that includes REV7 to the damaged DNA
(24); in the presence of olaparib, this complex promotes the
error-prone classical NHEJ (c-NHEJ) repair pathway and
induced cell death by introducing chromosome aberrations

(28, 29). However, the mechanism by which cytotoxic
anticancer drugs synergize with olaparib may be separate
from that which introduces chromosomal aberrations through
the 53BP1/REV7 pathway, although both mechanisms may
still influence the 53BP1-dependent DDR pathway.

Olaparib induced apoptosis and cell cycle arrest through the
accumulation of nuclear γH2AX and phosphorylated ‘ataxia
telangiectasia mutated’ (ATM) in breast cancer cell lines;
however, 53BP1 silencing reversed olaparib-induced apoptosis
and cell cycle arrest (30). DNA damage induced by irradiation
increased ATM via the expression of pro-apoptotic genes
through p53 or p73 modulation as well as cell cycle arrest via
p27 (30-34). However, in our study, olaparib did not increase
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Figure 5. Effects of si53BP1 transfection on KYSE70 cell apoptosis caused by anticancer drugs with and without olaparib. siRNA-transfected cells
were seeded onto 6-well plates. After culturing for 24 h, cells were exposed continuously to the indicated anticancer drug with or without olaparib
(5 μM) for 48 h. The concentrations of anticancer drugs were as follows: (A) CDDP, 1 μM; (B) SN-38, 10nM; (C) doxorubicin, 100 nM; and (D)
temozolomide, 100 μM. Next, cells were harvested and stained with annexin V-fluorescein isothiocyanate and propidium iodide, and analysed using
the Becton Dickinson LSRFortessa™ instrument. Each bar represents the mean±standard error (n=3). Significant differences were determined via
analysis of variance followed by Tukey’s test (*p<0.05; **p<0.01 vs. control of siNC; †p<0.05; and ††p<0.01). siRNA, Small interfering RNA;
si53BP1, siRNA against 53BP1; siNC, negative control siRNA; CDDP, cisplatin; SN-38, 7-ethyl-10-hydroxy-camptotheci.



anticancer drug-induced apoptosis in OC cell lines, and 53BP1
depletion did not increase apoptosis regardless of olaparib
treatment. These results suggest that the synergistic cytotoxicity
of anticancer drugs and olaparib is not a result of
53BP1/ATM/p53/p73-mediated apoptosis. 

In the presence of olaparib, the sensitivity of CDDP, SN-
38, doxorubicin, and temozolomide were attenuated following
53BP1 silencing; however, the drug-sensitizing effects of
olaparib were not attenuated by REV7 silencing in KYSE70
cells. The 53BP1 protein is known to promote DNA resection-
independent (i.e., shieldin complex-dependent) c-NHEJ and
DNA resection-dependent microhomology-mediated end
joining (MMEJ, which is a type of Artemis-dependent NHEJ
repair) (35, 36). MMEJ is known as a highly mutagenic DSB
repair pathway because it often causes several base insertions
or deletions (37). Ito et al. (38) reported that olaparib
potentiated the cytotoxicity of CDDP via accumulation of
chromosome aberration in human mammary epithelium cell
line. These results suggest that olaparib activates MMEJ
pathway caused by DNA damaging agents in KYSE70 cells.
Hence, olaparib may increase 53BP1-dependent mutagenic
MMEJ repair of DNA damage induced by anticancer drugs
plus olaparib, and thereby enhance the sensitivity of DNA-
damaging agents in OC cell lines.

In conclusion, our data suggest that the cytotoxicity of
CDDP, SN-38, doxorubicin, and temozolomide is increased
by olaparib via an 53BP1-related mechanism in OC cell
lines. This mechanism may not be dependent on c-NHEJ
repair via the 53BP1/REV7 pathway or on 53BP1-dependent
apoptosis, but may rather depend on 53BP1-mediated DDR
pathway activity.

Conflicts of Interest

The Authors declare no conflicts of interest associated with this
manuscript.

Authors’ Contributions

Study concept and design: T. Minegaki, K. Miyamoto. Acquisition
of data: K. Miyamoto, T. Minegaki, S. Hirano, I. Hayashi. Analysis
and interpretation of data: all authors. Drafting of the manuscript:
K. Miyamoto, T. Minegaki. Study supervision: M. Tsujimoto, K.
Nishiguchi.

Acknowledgements

This study was supported in part by the JSPS KAKENHI (grant
number: 16K18964).

References

1 Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz M,
Nikšić M, Bonaventure A, Valkov M, Johnson CJ, Estève J,

Ogunbiyi OJ, Azevedo E Silva G, Chen WQ, Eser S, Engholm
G, Stiller CA, Monnereau A, Woods RR, Visser O, Lim GH,
Aitken J, Weir HK, Coleman MP and CONCORD Working
Group: Global surveillance of trends in cancer survival 2000-14
(CONCORD-3): analysis of individual records for 37 513 025
patients diagnosed with one of 18 cancers from 322 population-
based registries in 71 countries. Lancet 391(10125): 1023-1075,
2018. PMID: 29395269. DOI: 10.1016/S0140-6736(17)33326-3

2 Hori M, Matsuda T, Shibata A, Katanoda K, Sobue T, Nishimoto
H and Japan Cancer Surveillance Research Group: Cancer
incidence and incidence rates in Japan in 2009: a study of 32
population-based cancer registries for the Monitoring of Cancer
Incidence in Japan (MCIJ) project. Jpn J Clin Oncol 45(9): 884-
891, 2015. PMID: 26142437. DOI: 10.1093/jjco/hyv088

3 De Besi P, Sileni VC, Salvagno L, Tremolada C, Cartei G,
Fosser V, Paccagnella A, Peracchia A and Fiorentino M: Phase
II study of cisplatin, 5-FU, and allopurinol in advanced
esophageal cancer. Cancer Treat Rep 70(7): 909-910, 1986.
PMID: 2424595.

4 Bleiberg H, Conroy T, Paillot B, Lacave AJ, Blijham G, Jacob
JH, Bedenne L, Namer M, De Besi P, Gay F, Collette L and
Sahmoud T: Randomised phase II study of cisplatin and 5-
fluorouracil (5-FU) versus cisplatin alone in advanced squamous
cell oesophageal cancer. Eur J Cancer 33(8): 1216-1220, 1997.
PMID: 9301445. DOI: 10.1016/s0959-8049(97)00088-9

5 Thallinger CM, Raderer M and Hejna M: Esophageal cancer: A
critical evaluation of systemic second-line therapy. J Clin Oncol
29(35): 4709-4714, 2011. PMID: 22067408. DOI: 10.1200/
JCO.2011.36.7599

6 Ray Chaudhuri A and Nussenzweig A: The multifaceted roles of
PARP1 in DNA repair and chromatin remodelling. Nat Rev Mol
Cell Biol 18(10): 610-621, 2017. PMID: 28676700. DOI:
10.1038/nrm.2017.53

7 Weidle UH, Maisel D and Eick D: Synthetic lethality-based
targets for discovery of new cancer therapeutics. Cancer
Genomics Proteomics 8(4): 159-171, 2011. PMID: 21737609.

8 Coleman RL, Fleming GF, Brady MF, Swisher EM, Steffensen
KD, Friedlander M, Okamoto A, Moore KN, Efrat Ben-Baruch
N, Werner TL, Cloven NG, Oaknin A, DiSilvestro PA, Morgan
MA, Nam JH, Leath CA 3rd, Nicum S, Hagemann AR, Littell
RD, Cella D, Baron-Hay S, Garcia-Donas J, Mizuno M, Bell-
McGuinn K, Sullivan DM, Bach BA, Bhattacharya S, Ratajczak
CK, Ansell PJ, Dinh MH, Aghajanian C and Bookman MA:
Veliparib with first-line chemotherapy and as maintenance
therapy in ovarian cancer. N Engl J Med 381(25): 2403-2415,
2019. PMID: 31562800. DOI: 10.1056/NEJMoa1909707

9 Sakogawa K, Aoki Y, Misumi K, Hamai Y, Emi M, Hihara J, Shi
L, Kono K, Horikoshi Y, Sun J, Ikura T, Okada M and Tashiro
S: Involvement of homologous recombination in the synergism
between cisplatin and poly (ADP-ribose) polymerase inhibition.
Cancer Sci 104(12): 1593-1599, 2013. PMID: 24033642. DOI:
10.1111/cas.12281

10 Zhan L, Qin Q, Lu J, Liu J, Zhu H, Yang X, Zhang C, Xu L, Liu
Z, Cai J, Ma J, Dai S, Tao G, Cheng H and Sun X: Novel poly
(ADP-ribose) polymerase inhibitor, AZD2281, enhances
radiosensitivity of both normoxic and hypoxic esophageal
squamous cancer cells. Dis Esophagus 29(3): 215-223, 2016.
PMID: 25604309. DOI: 10.1111/dote.12299

11 Miyamoto K, Minegaki T, Tanahashi M, Yamamoto A,
Moriyama Y, Wada A, Matsumoto A, Ota K, Tanaka M, Masuda

Miyamoto et al: Olaparib Potentiates Anticancer Drug Cytotoxicity via 53BP1

821



U, Tsujimoto M and Nishiguchi K: Synergistic effects of
olaparib and DNA-damaging agents in oesophageal squamous
cell carcinoma cell lines. Anticancer Res 39(4): 1813-1820,
2019. PMID: 30952721. DOI: 10.21873/anticanres.13288

12 Oza AM, Cibula D, Benzaquen AO, Poole C, Mathijssen RH,
Sonke GS, Colombo N, Špaček J, Vuylsteke P, Hirte H, Mahner
S, Plante M, Schmalfeldt B, Mackay H, Rowbottom J, Lowe ES,
Dougherty B, Barrett JC and Friedlander M: Olaparib combined
with chemotherapy for recurrent platinum-sensitive ovarian
cancer: a randomised phase 2 trial. Lancet Oncol 16(1): 87-97,
2015. PMID: 25481791. DOI: 10.1016/S1470-2045(14)71135-0

13 Rai R, Peng G, Li K and Lin SY: DNA damage response: The
players, the network and the role in tumor suppression. Cancer
Genomics Proteomics 4(2): 99-106, 2007. PMID: 17804872.

14 Mateo J, Carreira S, Sandhu S, Miranda S, Mossop H, Perez-
Lopez R, Nava Rodrigues D, Robinson D, Omlin A, Tunariu N,
Boysen G, Porta N, Flohr P, Gillman A, Figueiredo I, Paulding
C, Seed G, Jain S, Ralph C, Protheroe A, Hussain S, Jones R,
Elliott T, McGovern U, Bianchini D, Goodall J, Zafeiriou Z,
Williamson CT, Ferraldeschi R, Riisnaes R, Ebbs B, Fowler G,
Roda D, Yuan W, Wu YM, Cao X, Brough R, Pemberton H,
A’Hern R, Swain A, Kunju LP, Eeles R, Attard G, Lord CJ,
Ashworth A, Rubin MA, Knudsen KE, Feng FY, Chinnaiyan
AM, Hall E and de Bono JS: DNA-repair defects and olaparib
in metastatic prostate cancer. N Engl J Med 373(18): 1697-1708,
2015. PMID: 26510020. DOI: 10.1056/NEJMoa1506859

15 Panier S and Boulton SJ: Double-strand break repair: 53BP1
comes into focus. Nat Rev Mol Cell Biol 15(1): 7-18, 2014.
PMID: 24326623. DOI: 10.1038/nrm3719

16 Tang J, Cho NW, Cui G, Manion EM, Shanbhag NM, Botuyan
MV, Mer G and Greenberg RA: Acetylation limits 53BP1
association with damaged chromatin to promote homologous
recombination. Nat Struct Mol Biol 20(3): 317-325, 2013.
PMID: 23377543. DOI: 10.1038/nsmb.2499

17 Hurley RM, Wahner Hendrickson AE, Visscher DW, Ansell P,
Harrell MI, Wagner JM, Negron V, Goergen KM, Maurer MJ,
Oberg AL, Meng XW, Flatten KS, De Jonge MJA, Van Herpen
CD, Gietema JA, Koornstra RH, Jager A, den Hollander MW,
Dudley M, Shepherd SP, Swisher EM and Kaufmann SH: 53BP1
as a potential predictor of response in PARP inhibitor-treated
homologous recombination-deficient ovarian cancer. Gynecol
Oncol 153(1): 127-134, 2019. PMID: 30686551. DOI: 10.1016/
j.ygyno.2019.01.015

18 Hu HM, Zhao X, Kaushik S, Robillard L, Barthelet A, Lin KK,
Shah KN, Simmons AD, Raponi M, Harding TC and
Bandyopadhyay S: A quantitative chemotherapy genetic
interaction map reveals factors associated with PARP Inhibitor
Resistance. Cell Rep 23(3): 918-929, 2018. PMID: 29669295.
DOI: 10.1016/j.celrep.2018.03.093

19 Shimada Y, Imamura M, Wagata T, Yamaguchi N and Tobe T:
Characterization of 21 newly established esophageal cancer cell
lines. Cancer 69(2): 277-284, 1992. PMID: 1728357. DOI:
1 0 . 1 0 0 2 / 1 0 9 7 - 0 1 4 2 ( 1 9 9 2 0 11 5 ) 6 9 : 2 < 2 7 7 : a i d c n c r
2820690202>3.0.co;2-c

20 Ma Y, Jin J, Dong C, Cheng EC, Lin H, Huang Y and Qiu C:
High-efficiency siRNA-based gene knockdown in human
embryonic stem cells. RNA 16(2): 2564-2569, 2010. PMID:
20978109. DOI: 10.1261/rna.2350710

21 Minegaki T, Fukushima S, Morioka C, Takanashi H, Uno J, Tsuji
S, Yamamoto S, Watanabe A, Tsujimoto M and Nishiguchi K:

Effects of bisphosphonates on human esophageal squamous cell
carcinoma cell survival. Dis Esophagus 29(6): 656-662, 2016.
PMID: 25894100. DOI: 10.1111/dote.12370

22 Bradford MM: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72: 248-254, 1976. PMID:
942051. DOI: 10.1006/abio.1976.9999

23 Takara K, Sakaeda T, Yagami T, Kobayashi H, Ohmoto N,
Horinouchi M, Nishiguchi K and Okumura K: Cytotoxic effects
of 27 anticancer drugs in HeLa and MDR1-overexpressing
derivative cell lines. Biol Pharm Bull 25(6): 771-778, 2002.
PMID: 12081145. DOI: 10.1248/bpb.25.771

24 Kuo LJ and Yang LX: Gamma-H2AX - A novel biomarker for
DNA double-strand breaks. In Vivo 22(3): 305-309, 2008.
PMID: 18610740.

25 Kanda Y: Investigation of the freely available easy-to-use
software ‘EZR’ for medical statistics. Bone Marrow Transplant
48(3): 452-458, 2013. PMID: 23208313. DOI: 10.1038/bmt.
2012.244

26 Tahara M, Inoue T, Sato F, Miyakura Y, Horie H, Yasuda Y, Fujii
H, Kotake K and Sugano K: The use of Olaparib (AZD2281)
potentiates SN-38 cytotoxicity in colon cancer cells by indirect
inhibition of Rad51-mediated repair of DNA double-strand
breaks. Mol Cancer Ther 13(5): 1170-1180, 2014. PMID:
24577941. DOI: 10.1158/1535-7163.MCT-13-0683

27 Botuyan MV, Cui G, Drané P, Oliveira C, Detappe A, Brault
ME, Parnandi N, Chaubey S, Thompson JR, Bragantini B, Zhao
D, Chapman JR, Chowdhury D and Mer G: Mechanism of
53BP1 activity regulation by RNA-binding TIRR and a designer
protein. Nat Struct Mol Biol 25(7): 591-600, 2018. PMID:
29967538. DOI: 10.1038/s41594-018-0083-z

28 Gupta R, Somyajit K, Narita T, Maskey E, Stanlie A, Kremer M,
Typas D, Lammers M, Mailand N, Nussenzweig A, Lukas J and
Choudhary C: DNA repair network analysis reveals shieldin as
a key regulator of NHEJ and PARP inhibitor sensitivity. Cell
173(4): 972-988, 2018. PMID: 29656893. DOI: 10.1016/j.cell.
2018.03.050

29 Ghezraoui H, Oliveira C, Becker JR, Bilham K, Moralli D,
Anzilotti C, Fischer R, Deobagkar-Lele M, Sanchiz-Calvo M,
Fueyo-Marcos E, Bonham S, Kessler BM, Rottenberg S, Cornall
RJ, Green CM and Chapman JR: 53BP1 cooperation with the
REV7-shieldin complex underpins DNA structure-specific
NHEJ. Nature 560(7716): 122-127, 2018. PMID: 30046110.
DOI: 10.1038/s41586-018-0362-1

30 Yang ZM, Liao XM, Chen Y, Shen YY, Yang XY, Su Y, Sun
YM, Gao YL, Ding J, Zhang A, He JX and Miao ZH:
Combining 53BP1 with BRCA1 as a biomarker to predict the
sensitivity of poly (ADP-ribose) polymerase (PARP) inhibitors.
Acta Pharmacol Sin 38(7): 1038-1047, 2017. PMID: 28414200.
DOI: 10.1038/aps.2017.8

31 Chung YM, Park SH, Tsai WB, Wang SY, Ikeda MA, Berek JS,
Chen DJ and Hu MC: FOXO3 signalling links ATM to the p53
apoptotic pathway following DNA damage. Nat Commun 3:
1000, 2012. PMID: 22893124. DOI: 10.1038/ncomms2008

32 Yoshida K, Ozaki T, Furuya K, Nakanishi M, Kikuchi H,
Yamamoto H, Ono S, Koda T, Omura K and Nakagawara A:
ATM-dependent nuclear accumulation of IKK-alpha plays an
important role in the regulation of p73-mediated apoptosis in
response to cisplatin. Oncogene 27(8): 1183-1188, 2008. PMID:
17700524. DOI: 10.1038/sj.onc.1210722

ANTICANCER RESEARCH 40: 813-823 (2020)

822



33 Al-Bahlani S, Fraser M, Wong AY, Sayan BS, Bergeron R,
Melino G and Tsang BK: P73 regulates cisplatin-induced
apoptosis in ovarian cancer cells via a calcium/calpain-
dependent mechanism. Oncogene 30(41): 4219-4230, 2011.
PMID: 21516125. DOI: 10.1038/onc.2011.134

34 Cassimere EK, Mauvais C and Catherine D: p27Kip1 is required
to mediate a G1 cell cycle arrest downstream of ATM following
genotoxic stress. PLoS One 11(9): e0162806, 2016. PMID:
27611996. DOI: 10.1371/journal.pone.0162806 

35 Tomida J, Takata KI, Bhetawal S, Person MD, Chao HP, Tang
DG and Wood RD: FAM35A associates with REV7 and
modulates DNA damage responses of normal and BRCA1-
defective cells. EMBO J 37(12): 2018. PMID: 29789392. DOI:
10.15252/embj.201899543

36 Ronja B, Steinlage M, Barton O, Juhász S, Künzel J, Spies J,
Shibata A, Jeggo PA and Löbrich M: DNA double-strand break
resection occurs during non-homologous end joining in G1 but
is distinct from resection during homologous recombination.
Mol Cell 65(4): 671-684, 2017. PMID: 28132842. DOI:
10.1016/j.molcel.2016.12.016

37 Liang L, Deng L, Chen Y, Li GC, Shao C and Tischfield JA:
Modulation of DNA end joining by nuclear proteins. J Biol
Chem 280(36): 31442-31449, 2005. PMID: 16012167. DOI:
10.1074/jbc.M503776200

38 Ito S, Murphy CG, Doubrovina E, Jasin M and Moynahan ME:
PARP inhibitors in clinical use induce genomic instability in
normal human cells. PLoS One 11(7): e0159341, 2016. PMID:
27428646. DOI: 10.1371/journal.pone.0159341

Received December 19, 2019
Revised January 10, 2020

Accepted January 14, 2020

Miyamoto et al: Olaparib Potentiates Anticancer Drug Cytotoxicity via 53BP1

823


