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Abstract. Background/Aim: Chemotherapy is an important
first-line treatment for oesophageal squamous cell carcinoma
(ESCC). However, there are few secondary options.
Olaparib, a poly (ADP-ribose) polymerase (PARP) inhibitor,
enhances the cytotoxicity of various anticancer drugs and
has been used to treat advanced ovarian and breast cancers.
This study examined the effect of olaparib on the cytotoxicity
of anticancer drugs in ESCC cell lines. Materials and
Methods: ESCC KYSE70 and KYSE140 cells were grown in
Dulbecco’s modified Eagle’s medium and treated with
5-fluorouracil (5-FU), cisplatin, docetaxel, doxorubicin,
SN-38, or temozolomide without or with olaparib. Results:
Olaparib enhanced the cytotoxicity of all tested anticancer
drugs and increased the effects of cisplatin, doxorubicin, SN-
38, and temozolomide synergistically. These anticancer
drugs caused the accumulation of phospho-histone H2AX
Ser139 (yvH2AX), a biomarker of DNA damage, and olaparib
increased this accumulation. Conclusion: PARP inhibitors
may potentiate the anticancer activity of DNA-damaging
agents in ESCC patients synergistically.

Oesophageal squamous cell carcinoma (ESCC) is one of the
most lethal malignant diseases worldwide and is the sixth
leading cause of cancer-related deaths (1). The survival rate
of ESCC patients is low (10-30%) in most countries,
although that of colorectal cancer patients is over 70% (2).
The poor outcome of ESCC may result from the difficulty of
early detection because its subjective symptoms are not
noticeable in the early stage of the disease. Furthermore,
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ESCC patients are more likely to have tumours that invade
and metastasise to other organs (3). Hence, it is important to
initiate treatment against ESCC patients with anticancer
drugs as early as possible to improve the prognosis.

5-Fluorouracil (5-FU), cisplatin (CDDP), and docetaxel
are reliable and effective agents as first-line chemotherapy
for ESCC, achieving response rates of 30-70% (4-6).
However, 30% or more patients who receive first-line
chemotherapy fail to respond to treatment (4-6), and there is
no consensus on second-line chemotherapy for ESCC (7).
Therefore, it is necessary to establish an effective second-
line chemotherapy for ESCC.

Poly (ADP-ribose) polymerase (PARP) inhibitors are novel
molecular-targeted drugs for cancer therapy that inhibit PARP1
enzymatic activity. The PARP inhibitor, olaparib, has been used
in Europe, the USA, and Japan for treating advanced ovarian
and breast cancers. Especially, olaparib is more effective for
patients who have breast cancer susceptibility gene (BRCA)
1/2 mutations in the tumour (8, 9).

PARP1 adds one or more ADP-ribose units to itself or some
target proteins, and modulates the DNA repair pathways or
transcription factors (10). Therefore, PARP inhibitors are not
only effective molecular-targeted drugs for treatment when
used alone, but also sensitize tumours to other anticancer
drugs (10). For example, co-administration of olaparib
improved the prognosis of ovarian and breast cancer patients
undergoing treatment with carboplatin and paclitaxel in
clinical studies (11), and the combination of a PARP inhibitor
and irinotecan was effective against human colorectal cancer
cells in a xenograft mouse model (12). In ESCC cell lines,
olaparib enhanced the cytotoxicity of CDDP synergistically
(13). Therefore, it is possible that olaparib can improve the
therapeutic effect of anticancer drugs in ESCC. However, the
types of anticancer drugs that can be combined with olaparib
to enhance the efficacy against ESCC are not known.

The purpose of this study was to clarify the types of
anticancer drugs that can interact synergistically with
olaparib. To achieve this purpose, the effects of olaparib on

1813



ANTICANCER RESEARCH 39: 1813-1820 (2019)

the cytotoxicity of various anticancer drugs in ESCC cell
lines were investigated.

Materials and Methods

Chemicals and reagents. Olaparib was obtained from LKT Laboratories
(St. Paul, MN, USA). 5-FU was purchased from Sigma-Aldrich (St.
Louis, MO, USA). CDDP, doxorubicin, and the DNA-dependent
protein kinase (DNA-PK) inhibitor, NU7441, were purchased from
Wako Pure Chemical Industries (Osaka, Japan). Docetaxel, 7-ethyl-10-
hydroxy-camptothecin (SN-38), and temozolomide were purchased
from Tokyo Chemical Industry (Tokyo, Japan).

Cell culture. The ESCC KYSE70 and KYSE140 cell lines were
obtained from the Health Science Research Resources Bank (Osaka,
Japan) (14). Cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Grand Island, NY, USA) supplemented
with 10% heat-inactivated foetal bovine serum (GE Healthcare,
Little Chalfont, UK), 100 units/ml of penicillin, and 100 mg/ml of
streptomycin (Nacalai Tesque, Kyoto, Japan). Cells were grown in
an atmosphere of 5% CO, and 95% air at 37°C.

Growth inhibition assay. Cell growth was evaluated using the
CellQuanti-Blue Cell Viability Assay Kit (BioAssay Systems,
Hayward, CA, USA) as described previously (15). In brief, cells
(1x103) were seeded onto a 96-well plate in 100 pl of medium per
well. After 24 h, cells were exposed continuously for seven days to
anticancer drugs with or without olaparib (5 uM with KYSE70 and
1 uM with KYSE140 cells) and NU7441 (0.5 uM with KYSE70
cells). The medium was then replaced with fresh medium containing
CellQuanti-Blue reagent solution (1:10). After 5 h, the fluorescence
intensity was measured by a GENios microplate reader (Tecan,
Seestrasse, Switzerland) at excitation and emission wavelengths of
535 and 590 nm, respectively. Half-maximal inhibitory
concentrations (ICs3s) were calculated according to the sigmoid
inhibitory effect model (eq. 1) using the nonlinear least-squares
fitting method (Solver, Microsoft Excel).

cr
= Enax * (1~ 57,)

E = Emax 1 Cr+ICsg )

E and Emax represent the surviving fraction (% of control) and its

maximum, respectively. C and vy are the drug concentration in the

medium and the sigmoidicity factor, respectively (16).

Clonogenicity assay. KYSETO0 cells (1x103) were seeded onto six-well
plates in 2 ml of medium per well. After 24 h, cells were exposed
continuously for two weeks to the anticancer drugs with or without
olaparib (2.5 pM). Cell colonies were fixed and stained with a 60%
methanol solution containing 0.1 w/v% methylene blue. Colony
formation was analysed semi-quantitatively by determining the dyed
cell colonies area using Image J software (National Institutes of
Health, Bethesda, MD, USA) as described previously (17). Interactions
between anticancer drug and olaparib were evaluated using the
expected value (EXP) (eq. 2). Synergism was determined when the
value was less than EXP, additivity when the value was the same as
EXP, and antagonism when the value was more than EXP (18).

EXP (%)=(colony area of the anticancer drug)x
(colony area of olaparib)x100 2)
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Western blot analysis. Western blot analysis was performed using
methods described previously (15). KYSE70 cells (2x109) were
seeded onto a 60-mm dish. After 47 h, cells were treated with olaparib
(10 uM) for 1 h. Then, the cells were treated with anticancer drugs
with or without olaparib (10 uM). After 24 h, cells were lysed with
CelLytic M (Sigma-Aldrich) containing 1 mM phenylmethylsulfonyl
fluoride. Protein concentrations were measured by the Bradford
method (19). Proteins (20 ug) were separated using 7.5% (for poly
ADP-ribosylated (PAR) proteins, an indicator of PARP activity) or
10% (for B-actin, the reference protein) sodium dodecyl sulphate
polyacrylamide gels (SuperSep Ace, Wako) and transferred to
polyvinylidene difluoride membranes (ClearTrans SP, Wako).
Membranes were blocked in phosphate-buffered saline/0.1% Tween
20 (PBS-T) containing 1% skim milk (Wako). The membranes were
incubated at 4°C overnight with anti-PAR mouse monoclonal IgG3x
(1:1000; Trevigen, Gaithersburg, MD, USA) or anti-f3-actin mouse
monoclonal IgG1 (1:1000; Wako). The anti-PAR antibody was diluted
using Can Get Signal Immunoreaction Enhancer Solution I (Toyobo,
Osaka, Japan). The anti-B-actin antibody was diluted using PBS-T.
Primary antibodies were probed with horseradish peroxidase-
conjugated anti-mouse IgG antibodies (GE Healthcare) for PAR
(1:10,000; Can Get Signal Immunoreaction Enhancer Solution II,
Toyobo) or B-actin (1:25,000; PBS-T). Proteins were detected by the
ImmunoStar LD reagent (Wako) and viewed with the VersaDoc 5000
MP imaging system (Bio-Rad, Hercules, CA, USA).

Immunofluorescence analysis. KYSE70 cells (2x104) were seeded
onto black 96-well plates in 100 pl of medium per well and
incubated for 24 h. The medium was then replaced with fresh
medium containing the anticancer drugs with or without olaparib (5
uM). After 24 h, cells were fixed in 4% formaldehyde containing
PBS at 4°C for 15 min, permeabilised with 0.1% polyoxyethylene
(10) octylphenyl ether in PBS for 30 min and blocked in PBS-T
containing 0.1% bovine serum albumin for 60 min at room
temperature. Cells were incubated at 4°C overnight with anti-
phospho-histone H2AX Ser139 (YH2AX) mouse monoclonal I1gG1
(1:200; Merck Millipore, Billerica, MA, USA). The primary
antibody was probed with an anti-mouse IgG (H/L), F(ab’)2
Fragment Alexa Fluor 488 Conjugate (1:500; Cell Signaling
Technology, Danvers, MA, USA). These antibodies were diluted
using PBS-T. Cell nuclei were stained with 0.2 pg/ml 4°,6-
diamidino-2-phenylindole in PBS. Cells were visualised using an
Operetta High Content imaging microscope (PerkinElmer, Waltham,
MA, USA). The mean region intensity of Alexa Fluor 488
fluorescence per cell nucleus was analysed using Harmony software
(PerkinElmer). At least 300 cells per experimental point were
examined.

Statistical analyses. Data are presented as means+standard error.
Differences between two groups were performed using the unpaired
Student’s #-test. Experiments with three 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 two-tailed p-values and considered statistically
significant when p<0.05.

Results

Olaparib potentiates the growth-inhibitory effect of
anticancer drugs in ESCC cell lines. All tested anticancer
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Figure 1. Effects of olaparib on the inhibition of cell growth by anticancer drugs in KYSE70 oesophageal squamous cell carcinoma cells. Cells
were seeded onto 96-well plates. After culturing for 24 h, cells were exposed continuously to the indicated drug concentrations for one week without
(O) or with olaparib 5 uM (@). Cell viability was determined using the CellQuanti-Blue Cell Viability Assay Kit. Each point represents the mean

+SE (n =4).

Table 1. ICs values of anticancer drugs without or with olaparib in oesophageal squamous cell carcinoma cell lines.

Anticancer drugs KYSE70 KYSE140

Control Olaparib (5 uM) R.S. Control Olaparib (1 uM) R.S.
5-FU (uM) 3.6+0.10 2.5+0.065%* 1.44 1.3+0.10 1.1£0.017** 1.18
CDDP (uM) 3.8+0.073 1.4+0.076** 2.71 0.54+0.018 0.16+0.010%* 3.38
Docetaxel (nM) 0.49+0.0011 0.44+0.010%* 1.11 0.15+0.0048 0.078+0.0013** 1.92
Doxorubicin (nM) 61+1.2 2442 .0%* 2.54 15+0.081 9.3+0.067** 1.62
SN-38 (nM) 7.4+0.10 1.9+0.10%* 3.89 6.1+0.32 0.94+0.020** 6.48
Temozolomide (uM) 78+4.9 24+1.5%* 3.25 15+0.49 5.7£0.081%* 2.63

The ICs values are given as means+SE (n=4). R.S.: Relative sensitivity=the IC5, value (Control)/the IC5 value (Olaparib). Significant differences
were determined by the unpaired Student’s #-test (¥*p<0.05, **p<0.01 vs. control).

drugs inhibited the growth of KYSE70 and KYSE140 cells
in a concentration-dependent manner. The growth inhibition
curves of these anticancer drugs were shifted to lower
concentrations by co-treatment with olaparib (Figure 1).
Thus, the ICs( values of all anticancer drugs were decreased
by olaparib in KYSE70 and KYSE140 cells. Especially,
olaparib remarkably decreased the ICs, values of CDDP,

doxorubicin, SN38, and temozolomide; the relative
sensitivities were more than 2-fold lower in both ESCC cell
lines with olaparib (Table I).

Olaparib decreases the level of PAR proteins in KYSE70

cells. PAR protein expression was observed in KYSE70 cells
treated with or without anticancer drugs. Olaparib decreased
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Figure 2. Effect of olaparib on the levels of poly ADP-ribosylated (PAR) proteins in anticancer drug-treated KYSE70 cells. Cells were seeded onto
60-mm dishes. After culturing for 47 h, cells were treated with or without 10 uM olaparib for 1 h, then exposed to the indicated anticancer drugs for
24 h with or without 10 uM olaparib. Total protein was extracted from whole-cell lysates and western blotted for PAR and f-actin (reference) proteins.

PAR proteins to nearly undetectable levels in all conditions
(Figure 2).

Olaparib synergistically increases the inhibition of cell colony
formation by anticancer drugs in KYSE70 cells. 5-FU,
docetaxel, and temozolomide alone slightly inhibited the
formation of cell colonies. Olaparib, CDDP, doxorubicin, and
SN-38 alone did not inhibit the formation of colonies by
KYSE70 cells in this experimental condition. However, olaparib
markedly enhanced the inhibitory effects of CDDP, doxorubicin,
SN-38, and temozolomide on cell colony formation (Figure 3).

Olaparib enhances the accumulation of yH2AX caused by
DNA damaging agents in KYSE70 cells. Olaparib significantly
increased nuclear YH2AX levels in KYSE70 cells (Figure 4).
CDDP, doxorubicin, SN-38, and temozolomide all increased
nuclear YH2AX in a concentration-dependent manner. In
addition, olaparib additively increased nuclear YH2AX levels
in anticancer drug-treated KYSE70 cells (Figure 4).

Effects of the DNA-PK inhibitor, NU7441, on the growth
inhibitory activity of anticancer drugs with olaparib in KYSE70
cells. NU7441 potentiated the growth inhibitory effects of
doxorubicin plus olaparib, but did not affect that of CDDP, SN-
38, or temozolomide plus olaparib in KYSE70 cells (Figure 5).

Discussion
Olaparib enhanced the growth inhibitory effects of anticancer

drugs in ESCC cell lines (Figure 1, Table I), and inhibited the
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expression of PAR proteins in KYSE70 cells treated with
anticancer drugs (Figure 2). In addition, olaparib synergistically
enhanced the cytotoxic activity of CDDP, doxorubicin, SN-38,
and temozolomide against KYSE70 cells (Figure 3). These in
vitro results suggest that PARP inhibitors such as olaparib may
potentiate the anticancer activity of CDDP, doxorubicin, SN-
38, and temozolomide in ESCC patients.

Olaparib synergistically decreased cell colony formation in
CDDP-, doxorubicin-, SN-38-, and temozolomide-treated
KYSE70 cells, but not in 5-FU- or docetaxel-treated cells
(Figure 3). CDDP, doxorubicin, SN-38, and temozolomide
increased nuclear YH2AX levels (a marker of DNA double-
strand breaks (DSBs)) (20) in KYSE70 cells, but 5-FU and
docetaxel did not (Figure 4). Inhibition of PARP1 activity
synergistically potentiates the cytotoxicity of DNA damaging
agents such as methyl methanesulphonate and hydroxyurea (21,
22). Olaparib and veriparib, another PARP inhibitor, enhance
the growth inhibitory effects of 5-fluoro-2’-deoxyuridine, a
metabolite of 5-FU, but not 5-FU itself, and cause DNA damage
in ovarian cancer cell lines (23). Paclitaxel, a microtubule
inhibitor similar to docetaxel, does not induce DNA damage
compared to treatment of mouse lymphoma cells with methyl
methanesulphonate (24). These results suggest that the effects
of anticancer drugs that cause DNA damage are enhanced
synergistically by PARP inhibitors in ESCC cell lines.

Olaparib additively increased nuclear YH2AX levels in
CDDP-, doxorubicin-, SN-38-, and temozolomide-treated
KYSE70 cells (Figure 4). Olaparib treatment increases
YH2AX levels in a PARP inhibitor-sensitive breast cancer
cell line, but not in PARP inhibitor-resistant cells (25). PARP
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Figure 3. Effects of olaparib on the inhibition of cell colony formation by anticancer drug-treated KYSE70 cells. Cells were seeded onto 6-well
plates. After culturing for 24 h, cells were exposed continuously to the indicated anticancer drugs for 2 weeks with or without 2.5 uM olaparib.
Cell colonies were stained with 0.1% methylene blue in 60% methanol. Each bar represents the mean+SE (n=3). Significant differences were
determined by an ANOVA followed by Tukey’s test (*p<0.05, **p<0.01 vs. control).

inhibitors increase DSBs and cell death caused by CDDP
(26), doxorubicin (27), SN-38 (28), and temozolomide (29).
These results suggest that the synergistic cytotoxicity
achieved by combining a PARP inhibitor and DNA damaging
agent depends on increasing DSBs in ESCC cell lines.
NU7441 delays the repair of DNA DSBs caused by
topoisomerase II inhibitors, and sensitises cells to the
toxicity of doxorubicin and etoposide (30, 31). NU7441
enhanced the growth inhibitory effects of doxorubicin
combined with olaparib (Figure 5). Furthermore, inhibiting
DNA-PK affected only the sensitivity of doxorubicin in an

ESCC cell line, and did not affect the synergism between
doxorubicin and olaparib. On the other hand, inhibiting
DNA-PK did not affect the growth inhibitory effects of
CDDP, SN-38, or temozolomide without or with olaparib in
KYSE70 cells (Figure 5).

NU7441 suppresses the chromosomal aberrations and
growth inhibitory effects caused by veliparib in a BRCA-
mutated ovarian cancer cell line (32). The enzymatic activity
of DNA-PK is critical for DNA repair, especially via the
classical non-homologous end joining pathway, also known
as the error-prone DNA repair pathway (33). NU7441 does
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Figure 4. Effects of olaparib on the accumulation of yH2AX 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 drug concentrations without (O) or with 5 uM olaparib (@) for
24 h. Cells were immunostained for yH2AX and its accumulation in the nucleus was examined by immunofluorescence microscopy after
counterstaining with 4’ ,6-diamidino-2-phenylindole. Each bar represents the mean+SE (n=3). Significant differences were determined by an ANOVA
followed by Tukey’s test (**p<0.01 vs. control without anticancer drug, TTp<0.01 vs. control with anticancer drug).

not show toxicity in cells with wild-type BRCA. However,
BRCA-mutated cells show high sensitivity to NU7441 (34).
As shown in the Cancer Cell Line Encyclopedia
(https://portals.broadinstitute.org/), KYSE70 cells do not
have a BRCA mutation. Hence, these results suggest that
inhibition of the classical non-homologous end joining
pathway does not affect the synergistic cytotoxicity of
olaparib with DNA damaging agents in ESCC cell lines.

In conclusion, the PARP inhibitor, olaparib, synergistically
potentiated the cytotoxicity of DNA damaging agents such
as CDDP, doxorubicin, SN-38, and temozolomide by
additively increasing DSBs in ESCC cell lines. Further
research may be able to develop this finding into an effective
therapeutic strategy against ESCC.

Conflicts of Interest

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

1818

Acknowledgements

This study was supported, in part, by the JSPS KAKENHI grant
number 16K18964.

Authors’ Contributions

Study concept and design: T. Minegaki, K. Miyamoto. Acquisition
of data: K. Miyamoto, M. Tanahashi, A. Yamamoto, Y. Moriyama,
A. Wada, A. Matsumoto, K. Ota, M. Tanaka, U. Masuda. Analysis
and interpretation of data: all Authors. Drafting of the manuscript:
K. Miyamoto, T. Minegaki. Study supervision: M. Tsujimoto, K.
Nishiguchi.

References

1 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo
M, Parkin DM, Forman D and Bray F: Cancer incidence and
mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer 136: E359-386, 2015. PMID
25220842, DOI: 10.1002/ijc.29210



Miyanoto et al: Olaparib Potentiates the Cytotoxicity of DNA-damaging Agents

120 1 120 -
100 + 100 -
80 A 80 A
60 60
40 1 40 A
S 20 20 A
; 0 T T T 1 0 T L}
% S oy NN @ o N e
-g CDDP (uM) Doxorubicin (nM)
D
O 120 ; 120 -
100 - 100 -
80 80
60 60 A
40 - 40
20 A 20 A
0 T T T 1 0 T T T 1
o N \@o ol N @ @Qc:
SN-38 (nM) Temozolomide (uM)
Concentration

Figure 5. Effects of a DNA-dependent protein kinase inhibitor on cell growth inhibition by anticancer drugs plus olaparib in KYSE70 cells. Cells
were seeded onto 96-well plates. After culturing for 24 h, cells were exposed continuously to the indicated drugs for one week without (O) or with
5 uM olaparib (@), or with olaparib plus NU7441 (R). Cell viability was determined using the CellQuanti-Blue Cell Viability Assay Kit. Each point
represents the mean+SE (n=4).

Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz M,
Niksi¢ M, Bonaventure A, Valkov M, Johnson CJ, Estéve 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 397: 1023-1075, 2018.
PMID: 29395269, DOI: 10.1016/S0140-6736(17)33326-3
Siegel RL, Miller KD and Jemal A: Cancer statistics, 2015. CA
Cancer J Clin 65: 29, 2015. PMID: 25559415, DOI: 10.3322/
caac.21254

Ando N, Kato H, Igaki H, Shinoda M, Ozawa S, Shimizu H,
Nakamura T, Yabusaki H, Aoyama N, Kurita A, Ikeda K, Kanda
T, Tsujinaka T, Nakamura K and Fukuda H: A randomized trial
comparing postoperative adjuvant chemotherapy with cisplatin
and 5-fluorouracil versus preoperative chemotherapy for
localized advanced squamous cell carcinoma of the thoracic
esophagus (JCOG9907). Ann Surg Oncol 79: 68-74, 2012.
PMID: 21879261, DOI: 10.1245/s10434-011-2049-9
Griinberger B, Raderer M, Schmidinger M and Hejna M:
Palliative chemotherapy for recurrent and metastatic esophageal
cancer. Anticancer Res 27: 2705-2714, 2007. PMID: 17695436.
Tamura S, Imano M, Takiuchi H, Kobayashi K, Imamoto H,
Miki H, Goto Y, Aoki T, Peng Y, Tsujinaka T and Furukawa H:

Phase II study of docetaxel, cisplatin and 5-fluorouracil (DCF)
for metastatic esophageal cancer (OGSG 0403). Anticancer Res
32:1403-1408, 2012. PMID: 2249337.

Thallinger CM, Raderer M and Hejna M: Esophageal cancer: A
critical evaluation of systemic second-line therapy. J Clin Oncol
29: 4709-4714, 2011. PMID: 22067408, DOI: 10.1200/
JC0.2011.36.7599

Pujade-Lauraine E, Ledermann JA, Selle F, Gebski V, Penson RT,
Oza AM, Korach J, Huzarski T, Poveda A, Pignata S, Friedlander
M, Colombo N, Harter P, Fujiwara K, Ray-Coquard I, Banerjee
S, Liu J, Lowe ES, Bloomfield R, Pautier P and SOLO2/ENGOT-
Ov21 investigators: Olaparib tablets as maintenance therapy in
patients with platinum-sensitive, relapsed ovarian cancer and a
BRCA1/2 mutation (SOLO2/ENGOT-Ov21): a double-blind,
randomised, placebo-controlled, phase 3 trial. Lancet Oncol /8:
1274-1284, 2017. PMID: 28754483, DOI: 10.1016/S1470-
2045(17)30469-2

Robson M, Im SA, Senkus E, Xu B, Domchek SM, Masuda N,
Delaloge S, Li W, Tung N, Armstrong A, Wu W, Goessl C,
Runswick S and Conte P: Olaparib for metastatic breast cancer in
patients with a germline BRCA mutation. N Engl J Med 377: 523-
533, 2017. PMID: 28578601, DOI: 10.1056/NEJMoal7 06450

10 Feng FY, de Bono JS, Rubin MA and Knudsen KE: Perspective

chromatin to clinic: the molecular rationale for PARP1 inhibitor
function. Mol Cell 58: 925-934, 2015. PMID: 26091341, DOI:
10.1016/j.molcel.2015.04.016

1819



ANTICANCER RESEARCH 39: 1813-1820 (2019)

11 Oza AM, Cibula D, Benzaquen AO, Poole C, Mathijssen RH,
Sonke GS, Colombo N, épaéek 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 /6: 87-97,
2015. PMID: 25481791, DOI: 10.1016/S1470-2045(14)71135-0

12 Genther Williams SM, Kuznicki AM, Andrade P, Dolinski
BM, Elbi C, O’Hagan RC and Toniatti C: Treatment with the
PARP inhibitor, niraparib, sensitizes colorectal cancer cell
lines to irinotecan regardless of MSI/MSS status. Cancer Cell
Int 75: 14, 2015. PMID: 25685067, DOI: 10.1186/s12935-015-
0162-8

13 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: synergism between cisplatin and poly (ADP-ribose)
polymerase inhibition. Cancer Sci /104: 1593-1599, 2013. PMID:
24033642, DOI: 10.1111/cas.12281

14 Shimada Y, Imamura M, Wagata T, Yamaguchi N and Tobe T:
Characterization of 21 newly established esophageal cancer cell
lines. Cancer 69: 277-284, 1992. PMID: 1728357.

15 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: 656-662, 2016.
PMID: 25894100, DOI: 10.1111/dote.12370

16 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: 771-778, 2002. PMID: 12081145.

17 Hong J, Peng D, Chen Z, Sehdev V and Belkhiri A: ABL
regulation by AXL promotes cisplatin resistance in esophageal
cancer. Cancer Res 73: 331-340, 2013. PMID: 23117882, DOI:
10.1158/0008-5472.CAN-12-3151

18 Drewinko B, Green C and Loo TL: Combination chemotherapy
in vitro with cis-dichlorodiammineplatinum (II). Cancer Treat
Rep 60: 1619-1625, 1976. PMID: 1021234.

19 Bradford MM: 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.

20 Redon CE, Nakamura AJ, Zhang YW, Ji JJ, Bonner WM,

Kinders RJ, Parchment RE, Doroshow JH and Pommier Y:

Histone YH2AX and poly (ADP-ribose) as clinical

pharmacodynamic biomarkers. Clin Cancer Res 16: 4532-4542,

2010. PMID: 20823146, DOI: 10.1158/1078-0432.CCR-10-0523

Murai J, Huang SY, Renaud A, Zhang Y, Ji J, Takeda S, Morris

J, Teicher B, Doroshow JH and Pommier Y: Stereospecific

PARP Trapping by BMN 673 and Comparison with Olaparib and

Rucaparib. Mol Cancer Ther [13: 433-443, 2014. PMID:

24356813, DOI: 10.1158/1535-7163.MCT-13-0803

22 Yang YG, Cortes U, Patnaik S, Jasin M and Wang ZQ: Ablation
of PARP-1 does not interfere with the repair of DNA double-
strand breaks, but compromises the reactivation of stalled
replication forks. Oncogene 23: 3872-3882, 2004. PMID:
15021907, DOI: 10.1038/sj.onc.1207491

23 Huehls AM, Wagner JM, Huntoon CJ, Geng L, Erlichman C,
Patel AG, Kaufmann SH and Karnitz LM: Poly (ADP-ribose)
polymerase inhibition synergizes with 5-fluorodeoxyuridine but
not 5-fluorouracil in ovarian cancer cells. Cancer Res 77: 4944-
4954, 2011. PMID: 21613406, DOI: 10.1158/0008-5472.CAN-
11-0814

2

—

1820

24 Wu'Y, Qi X, Gong L, Xing G, Chen M, Miao L, Yao J, Suzuki T,
Furihata C, Luan Y and Ren J: Identification of bc005512 as a
DNA damage responsive murine endogenous retrovirus of GLN
family involved in cell growth regulation. PLoS One 7: 35010,
2012. PMID: 22514700, DOI: 10.1371/journal.pone.0035010

25 Michelena J, Lezaja A, Teloni F, Schmid T, Imhof R and
Altmeyer M: Analysis of PARP inhibitor toxicity by
multidimensional fluorescence microscopy reveals mechanisms
of sensitivity and resistance. Nat Commun 9: 2678, 2018. PMID:
29992957, DOI: 10.1038/s41467-018-05031-9

26 Minami D, Takigawa N, Takeda H, Takata M, Ochi N, Ichihara
E, Hisamoto A, Hotta K, Tanimoto M and Kiura K: Synergistic
effect of olaparib with combination of cisplatin on PTEN-
deficient lung cancer cells. Mol Cancer Res /1: 140-148, 2013.
PMID: 23239809, DOI: 10.1158/1541-7786.MCR-12-0401

27 Mariano G, Ricciardi MR, Trisciuoglio D, Zampieri M,
Ciccarone F, Guastafierro T, Calabrese R, Valentini E, Tafuri A,
Del Bufalo D, Caiafa P and Reale A: PARP inhibitor ABT-888
affects response of MDA-MB-231 cells to doxorubicin
treatment, targeting Snail expression. Oncotarget 6: 15008-
15021, 2015. PMID: 25938539, DOI: 10.18632/oncotarget.3634

28 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: 1170-1180, 2014. PMID:
24577941, DOI: 10.1158/1535-7163.MCT-13-0683

29 Erice O, Smith MP, White R, Goicoechea I, Barriuso J, Jones C,
Margison GP, Acosta JC, Wellbrock C and Arozarena I: MGMT
expression predicts PARP-mediated resistance to temozolomide.
Mol Cancer Ther 74: 1236-1246,2015. PMID: 25777962, DOI:
10.1158/1535-7163.MCT-14-0810

30 Albarakati N, Abdel-Fatah TM, Doherty R, Russell R, Agarwal

D, Moseley P, Perry C, Arora A, Alsubhi N, Seedhouse C, Rakha

EA, Green A, Ball G, Chan S, Caldas C, Ellis 10 and

Madhusudan S: Targeting BRCA1-BER deficient breast cancer

by ATM or DNA-PKcs blockade either alone or in combination

with cisplatin for personalized therapy. Mol Oncol 9: 204-217,

2015. PMID: 25205036, DOI: 10.1016/j.molonc.2014.08.001

Ciszewski WM, Tavecchio M, Dastych J and Curtin NJ: DNA-PK

inhibition by NU7441 sensitizes breast cancer cells to ionizing

radiation and doxorubicin. Breast Cancer Res Treat /143: 47-55,

2014. PMID: 24292814, DOI: 10.1007/s10549-013-2785-6

32 Patel AG, Sarkaria JN and Kaufmann SH: Nonhomologous end
joining drives poly (ADP-ribose) polymerase (PARP) inhibitor
lethality in homologous recombination-deficient cells. Proc Natl
Acad Sci USA 108: 3406-3411, 2011. PMID: 21300883, DOI:
10.1073/pnas.1013715108

33 Ceccaldi R, Rondinelli B and D’Andrea AD: Repair pathway
choices and consequences at the double-strand break. Trends
Cell Biol 26: 52-64, 2016. PMID: 26437586, DOI: 10.1016/
j-tcb.2015.07.009

34 Zhao Y, Thomas HD, Batey MA, Cowell IG, Richardson CJ,
Griffin RJ, Calvert AH, Newell DR, Smith GC and Curtin NJ:
Preclinical evaluation of a potent novel DNA-dependent protein
kinase inhibitor NU7441. Cancer Res 66: 5354-5362, 2006.
PMID: 16707462, DOI: 10.1158/0008-5472.CAN-05-4275

3

—_

Received January 22, 2019
Revised February 22, 2019
Accepted February 26, 2019



