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Abstract: The aim of this study was to elucidate the carryover effect of olaparib to subsequent
chemotherapy and its underlying mechanisms. We generated olaparib-resistant SNU-484, SNU-601,
SNU-668, and KATO-III gastric cancer cell lines and confirmed their resistance by cell viability and
colony forming assays. Notably, olaparib-resistant cell lines displayed cross-resistance to cisplatin
except for KATO-III. Inversely, olaparib-resistant SNU-484, SNU-668, and KATO-III were more
sensitive to irinotecan than their parental cells. However, sensitivity to paclitaxel remained unaltered.
There were compensatory changes in the ATM/ATR axis and p-Chk1/2 protein expression. ERCC1 was
also induced in olaparib-resistant SNU-484, SNU-601, and SNU-668, which showed cross-resistance to
cisplatin. Olaparib-resistant cells showed tyrosyl-DNA phosphodiesterase 1 (TDP1) downregulation
with higher topoisomerase 1 (TOP1) activity, which is a target of irinotecan. These changes of TOP1
and TDP1 in olaparib-resistant cells was confirmed as the underlying mechanism for increased
irinotecan sensitivity through manipulated gene expression of TOP1 and TDP1 by specific plasmid
transfection and siRNA. The patient-derived xenograft model established from the patient who
acquired resistance to olaparib with BRCA2 mutation showed increased sensitivity in irinotecan.
In conclusion, the carryover effects of olaparib to improve antitumor effect of subsequent irinotecan
were demonstrated. These effects should be considered when determining the subsequent therapy
with olaparib.
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1. Introduction

Olaparib is an oral poly(ADP-ribose) polymerase (PARP) inhibitor that traps inactivated PARP onto
single-strand DNA breaks (SSBs), leading to double-strand DNA breaks that induce cell death [1,2].
Olaparib showed antitumor effect alone or in combination with chemotherapy in tumors with
deficiencies at the repair of double-strand breaks caused by BRCA1/2 mutations, ATM dysfunction, and
RAD51C deficiency [3–6]. Recently, in germline BRCA-mutated advanced ovarian cancer patients who
have been treated with three or more prior lines of chemotherapy, olaparib showed clinical efficacy and
has been approved by U.S. Food and Drug Administration [4]. The Cancer Genome Atlas reported
that 7 of 287 gastric patients (2.4%) showed genetic alterations in RAD51C gene, and it has been
well established that loss of RAD51C is associated with increased cancer risk [7–9]. In our previous
study, we found that RAD51C depletion led to hypersensitivity to olaparib in gastric cancer cells [6].
Therefore, PARP inhibition can be an attractive strategy for gastric cancer treatment.

In a randomized phase II trial of second-line metastatic gastric cancer, the addition of olaparib
to paclitaxel showed much longer overall survival (OS) than paclitaxel plus placebo, although the
progression-free survival (PFS) was marginally different between the two groups [10]. This finding
was also identified in a randomized phase 3 trial of using olaparib in second-line gastric cancer [11].
It means that post-progression survival was longer in olaparib arm; however, the reason for this could
not be fully explained. There is no preclinical evidence to explain how olaparib affects post-progression
survival. In a previous study, our group showed the prolonged antitumor effect of olaparib even after
stopping olaparib treatment in an in vivo xenograft model [6]. Based on this finding, carryover effect
of olaparib, which has an effect on subsequent chemotherapy, was suggested as one of the potential
explanations for this, particularly, in irinotecan, which is usually applied as a third line of treatment.

PARP-1 is activated by irinotecan-induced DNA breaks. PARP inhibitors share their predictive
characters with platinum and enhance the cytotoxicity of topoisomerase 1 (TOP1) inhibitors [12].
Restoration of homologous recombination through a loss of 53BP1 or BRCA re-expression is an
important mechanism for PARP inhibitor resistance in BRCA1-deficient mammary tumors [13].
A previous study has demonstrated that ATM regulates TOP2 expression. ATM loss results in increased
TOP2 levels and enhances sensitivity to TOP2 inhibition [14]. Therefore, it could be possible to
compensate for an impaired DNA repair pathway from olaparib by another repair-pathway related to
SSB, including the TOP1 and tyrosyl-DNA phosphodiesterase 1 (TDP1) pathways, in resistant cell lines
that have been exposed to olaparib for long periods. On the other hand, it was reported that TDP1
and TOP1 are predictive biomarkers for irinotecan and new therapeutic targets in the era of precision
medicine [14,15].

On these backgrounds, we explored the carryover effect of olaparib, which influences the efficacy
of subsequent chemotherapy after olaparib treatment. Additionally, we attempted to evaluate the
mechanisms underlying this effect.

2. Results

2.1. Altered Sensitivity of Chemotherapeutic Agents in Olaparib-Resistant Cells

We established olaparib-resistant cell lines by long-term treatment with olaparib from SNU-484,
SNU-601, SNU-668, and KATO-III. The resistance was confirmed by using cell growth inhibition and
colony forming assays (Table 1 and Figure 1). Except for KATO-III, all olaparib-resistant cell lines
became resistant to cisplatin. Inversely, the olaparib-resistant cell lines became more sensitive to
irinotecan, except for SNU-601. Apoptosis also increased after irinotecan treatment in olaparib-resistant
cell lines (Figure S1). Sensitivity toward paclitaxel was not altered after the acquisition of resistance
to olaparib.



Cancers 2020, 12, 334 3 of 17

Table 1. Drug sensitivity in parental and olaparib-resistant cells, as assessed by using cell
growth-inhibition assay.

Cell Lines * Olaparib IC50
(µmol/L, mean ± SD)

Cisplatin IC50
(µmol/L, mean ± SD)

Paclitaxel IC50
(µmol/L, mean ± SD)

Irinotecan IC50
(µmol/L, mean ± SD)

SNU-484
Parental cells 4.16 ± 0.05 0.8 ± 0.01 2.7 ± 0.3 3.96 ± 0.2

Olaparib-resistant cells >10 2.02 ± 0.03 2.5 ± 0.08 1.47 ± 0.2

SNU-601
Parental cells 0.73 ± 0.006 0.75 ± 0.005 4.63 ± 0.08 1.053 ± 0.03

Olaparib-resistant cells 7.3 ± 0.4 3.92 ± 0.05 4.92 ± 0.05 1.82 ± 0.007

SNU-668
Parental cells 11.07 5.88 ± 0.2 5.35 ± 0.1 >10

Olaparib-resistant cells >20 >10 5.66 ± 0.1 5.95 ± 0.1

KATO-III
Parental cells 3.56 ± 0.4 >10 5.67 ± 0.1 >10

Olaparib-resistant cells >10 4.13 ± 0.4 5.82 ± 0.1 5.5 ± 0.4

* MTT for 5 days.
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Figure 1. The sensitivity of chemotherapeutic agents was altered in olaparib-resistant cells. Cell 
viability was calculated through counting cell colonies by using GELCOUNT in SNU-484 (A), SNU-
601 (B), SNU-668 (C), and KATO-III (D) cells. * indicates p < 0.001. 

2.2. Changes of Proteins Related to the DNA-Damage Response in Olaparib-Resistant Cell Lines 

To evaluate the mechanisms underlying the altered sensitivity toward cisplatin, changes of the 
DNA-damage response proteins were evaluated. p-ATR was induced in all olaparib-resistant cell 
lines (Figure 2). p-ATM was slightly upregulated in olaparib-resistant SNU-484 and olaparib-
resistant SNU-668. p-Chk1 and p-Chk2 were elevated in olaparib-resistant cell lines compared with 
the parental cells. Furthermore, ERCC1 was also upregulated in olaparib-resistant SNU-484, SNU-
601, and SNU-668 cells, which were resistant to cisplatin. This ERCC1 induction was not detected in 
olaparib-resistant KATO-III cells, which were not resistant to cisplatin. 

Figure 1. The sensitivity of chemotherapeutic agents was altered in olaparib-resistant cells. Cell viability
was calculated through counting cell colonies by using GELCOUNT in SNU-484 (A), SNU-601 (B),
SNU-668 (C), and KATO-III (D) cells. * indicates p < 0.001.

2.2. Changes of Proteins Related to the DNA-Damage Response in Olaparib-Resistant Cell Lines

To evaluate the mechanisms underlying the altered sensitivity toward cisplatin, changes of the
DNA-damage response proteins were evaluated. p-ATR was induced in all olaparib-resistant cell
lines (Figure 2). p-ATM was slightly upregulated in olaparib-resistant SNU-484 and olaparib-resistant
SNU-668. p-Chk1 and p-Chk2 were elevated in olaparib-resistant cell lines compared with the parental
cells. Furthermore, ERCC1 was also upregulated in olaparib-resistant SNU-484, SNU-601, and SNU-668
cells, which were resistant to cisplatin. This ERCC1 induction was not detected in olaparib-resistant
KATO-III cells, which were not resistant to cisplatin.
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ERCC1 was conducted to evaluate the altered expression after acquisition of resistance to olaparib. 
There were compensatory changes in the DNA-damage response proteins. 

2.3. Morphological Changes in the Olaparib-Resistant Cell Lines 

With the acquisition of resistance to olaparib, the nuclear size of the resistant cells increased, as 
assessed by confocal imaging (Figure 3A). Increased abnormal DNA contents indicating aneuploidy 
was not observed in cells with increased nuclear size (Figure 3B). In the olaparib-resistant cells, 
increased nuclear size indicated the relaxation of DNA condensation [16,17]. 
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Figure 2. The expressions of DNA-damage response proteins were altered after acquisition of olaparib
resistance. Western blot analysis for p-ATR, ATR, p-ATM, ATM, p-Chk1, Chk1, p-Chk2, Chk2, and
ERCC1 was conducted to evaluate the altered expression after acquisition of resistance to olaparib.
There were compensatory changes in the DNA-damage response proteins.

2.3. Morphological Changes in the Olaparib-Resistant Cell Lines

With the acquisition of resistance to olaparib, the nuclear size of the resistant cells increased,
as assessed by confocal imaging (Figure 3A). Increased abnormal DNA contents indicating aneuploidy
was not observed in cells with increased nuclear size (Figure 3B). In the olaparib-resistant cells,
increased nuclear size indicated the relaxation of DNA condensation [16,17].
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PI staining. The increased nuclear size of olaparib-resistant cells was not related to aneuploidy (B). 
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higher TOP1 activity than their parental cells, although protein expression of TOP1 was not altered 
(Figure 4A,B). In addition, TDP1 expression was decreased in olaparib-resistant cell lines except in 
olaparib-resistant SNU-601, which did not exhibit sensitivity to irinotecan and had a mutation in 
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Figure 3. The nuclei were larger in olaparib-resistant cells than in parental cells. The degree of DNA
condensation was examined by 4′,6-diamidino-2-phenylindole (DAPI) staining and confocal laser
microscopy. Representative images are presented (80× original magnification). Scale bars represent
50 µm. In olaparib-resistant cells, increased nucleus indicates a relaxation of DNA condensation (A).
The proportion of cells with a DNA content of more than 4n was calculated by flow cytometry with PI
staining. The increased nuclear size of olaparib-resistant cells was not related to aneuploidy (B).

2.4. Increased TOP1 Activity and Decreased TDP1 Expression in Olaparib-Resistant Cell Lines

To evaluate the underlying mechanism of increased irinotecan sensitivity in the olaparib-resistant
cell lines, protein expression, and activity of TOP1 and protein expression of TDP1, which are the target
and predictive markers of irinotecan, were measured. Olaparib-resistant cells showed higher TOP1
activity than their parental cells, although protein expression of TOP1 was not altered (Figure 4A,B).
In addition, TDP1 expression was decreased in olaparib-resistant cell lines except in olaparib-resistant
SNU-601, which did not exhibit sensitivity to irinotecan and had a mutation in TDP1 (Table 2).
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Figure 4. Topoisomerase 1 (TOP1) activity was increased and tyrosyl-DNA phosphodiesterase 1
(TDP1) expression was downregulated in olaparib-resistant cells. TOP1 activity was increased in all
olaparib-resistant cells compared with parental cells (A), although the protein expression of TOP1 was
not altered (B). TDP1 protein expression was downregulated in olaparib-resistant SNU-484, SNU-668,
and KATO-III cells compared with their parental cells (B). * indicates p < 0.001.
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Table 2. Mutation status for TDP1 and TOP1 in parental and olaparib-resistant cells.

Cell Line TDP1 TOP1

SNU-484/parental cells wild type wild type
SNU-484/olaparib-resistant cells wild type wild type

SNU-601/parental cells wild type wild type
SNU-601/olaparib-resistant cells A520D wild type

SNU-668/parental cells wild type wild type
SNU-668/olaparib-resistant cells wild type wild type

KATO-III/parental cells wild type wild type
KATO-III/olaparib-resistant cells wild type wild type

TDP1, tyrosyl-DNA phosphodiesterase 1; TOP1, topoisomerase 1.

2.5. Changes of Irinotecan Sensitivity According to Manipulated TOP1 and TDP1 Expression

To determine if the manipulation of TOP1 and TDP1 could change the sensitivity of irinotecan,
the sensitivity of irinotecan was evaluated according to manipulated expressions of TOP1 and
TDP1 by using specific plasmid transfection and siRNA. In olaparib-resistant cells of SNU-484 and
SNU-668 with increased activity of TOP1, irinotecan sensitivity was reduced when TOP1 expression was
downregulated by siRNA (Figure 5A). In addition, in parental cells of SNU-484 and SNU-668, decreased
TDP1 expression by siRNA induced the increased irinotecan sensitivity as same as olaparib-resistant
cells. Olaparib-resistant SNU-601, in which TDP1 expression was not decreased, also showed an
increased irinotecan sensitivity when TDP1 expression was knocked down (Figure 5B). Inversely, TOP1,
or TDP1, expression was overexpressed by plasmid transfection in parental or olaparib-resistant cells
of SNU-484 (Figure 5C). Although overexpressed TOP1 had slightly increased irinotecan sensitivity,
simultaneous upregulation of TOP1 with downregulation of TDP1 in parental SNU-484 showed the
significantly increased sensitivity to irinotecan compared with parental cells (Figure 5C). Furthermore,
transiently overexpressed TDP1 had attenuated irinotecan sensitivity in olaparib-resistant SNU-484
cells, but olaparib-resistant SNU-484 with TOP1 downregulation and TDP1 upregulation was confirmed
to attenuate the sensitivity to irinotecan dramatically (Figure 5C). The successful expression modulation
by transfection was validated by western blot analysis (Figure 5C). Therefore, olaparib-resistant cell lines
could be highly sensitive to subsequent irinotecan through TDP1 downregulation at the same time as
the increased TOP1 activity. Furthermore, downregulation of TDP1 with TOP1 upregulation increased
the nuclear size in parental cells, similar to olaparib-resistant cells (Figure 6). Thus, morphological
changes of olaparib-resistant cells could be attributed to the relaxation of DNA condensation modulated
by TOP1 hyperactivity and depletion of TDP1.
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Figure 5. The sensitivities to irinotecan with modulating TOP1 and TDP1 expressions were evaluated
by MTT assay. TOP1-siRNA mix, TDP1-siRNA mix, and non-targeting siRNA (160nM each) were
transfected into olaparib-resistant cells or parental cells, and then treated with irinotecan for 5 d. Cell
viability percentages were then measured by MTT assay, and TOP1 or TDP1 silencing was determined
by western blotting (A,B). pCMV-tag2A-TOP1 or pCMV-tag2A-TDP1 and/or siTOP1 or siTDP1 were
transfected into parental or olaparib-resistant cells. The sensitivity to irinotecan was calculated by MTT
assay and the efficacy of transfection was confirmed by western blotting (C,D).
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Figure 6. Parental cells were transfected with siRNA targeting TDP1 and/or pCMV-tag2A-TOP1 for
5 d. The size of nuclei was measured by DAPI staining and confocal laser microscopy. Representative
images are presented (80× original magnification). Scale bars represent 50 µm.

2.6. Potent Anti-Tumor Activity of Irinotecan in Olaparib-Resistant Patient-Derived Breast Cancer
Xenograft Model

To validate the increased antitumor effect of irinotecan in olaparib resistant model, we tested the
antitumor activity of irinotecan in patient-derived xenograft (PDX) models established from a breast
cancer patient with BRCA2 580del4 mutation who acquired resistance to olaparib. In concordance with
clinical response, IMX 181 model showed no response to olaparib, but statistically significant delay of
tumor growth on irinotecan treatment (Figure 7A). Both treatments were well tolerated without any
sign of toxicity (Figure 7B).
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Figure 7. Irinotecan impeded tumor growth in a BRCA2 mutant PDX model with acquisition of olaparib
resistance. (A) PDX model were treated with 50 mg/kg olaparib or 10 mg/kg irinotecan for 21 days
(n = 4/group). The mean of tumor volumes was presented in a graph with the standard deviation (SD).
* indicates p < 0.001 versus vehicle and olaparib group. (B) Changes in body weight were measured
every three days for 21 days.
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3. Discussion

This study confirmed the carryover effect of olaparib-treatment to subsequent chemotherapy,
particularly in irinotecan. Through manipulating gene expressions, increased sensitivity to irinotecan in
olaparib-resistant cells was confirmed to be attributed to TOP1 upregulation and TDP1 downregulation,
which was shown in olaparib-resistant cells. These results could explain the higher OS improvement
compared with PFS prolongation in the randomized clinical study of second-line gastric cancer,
evaluating the efficacy of olaparib combined with paclitaxel.

After irinotecan treatment, SSBs are repaired by a complex consisting of TDP1, which functions in
the base excision repair pathway [18]. PARP inhibitors, which inhibit base excision repair, sensitize cells
to TOP1 inhibitors [19]. Therefore, irinotecan and olaparib represent a potent combination. However,
concurrent treatment with both PARP inhibitors and irinotecan is too toxic for clinical development,
although a preclinical study demonstrated synergistic effects [20–23]. Therefore, sequential treatment
might represent a promising alternative approach. Our results suggest that the application of irinotecan
after olaparib treatment may be a feasible treatment option owing to the carryover effect of olaparib.

DNA-damage response proteins function in various complex and overlapping pathways. In
the present study, long-term olaparib treatment induced a compensatory alteration of the ATR/ATM
axis, Chk, and ERCC1 expression. The development of olaparib resistance can be ascribed to this
compensatory alteration, which also results in cisplatin resistance. Furthermore, olaparib and platinum
share a common mechanism of action in the DNA repair pathway and similar predictive characters,
such as the presence of BRCA mutation and RAD51 deficiency [12,24–26]. For a specific example,
SNU-601 was highly sensitive to olaparib due to RAD51C-deficiency, which was also identified in
several cancer types [6,25,26]. Parental SNU-601 was also sensitive to cisplatin, and olaparib-resistant
SUN-601 showed resistance to cisplatin likewise. Therefore, this suggests that treatment with platinum
should be avoided after olaparib failure, although clinical studies have so far not shown a decreased
response to platinum after the resistance of PARP inhibitor in ovarian cancer [27]. In addition, this
carryover effect might be specific to tumor cells based on synthetic lethality as a cytotoxic mechanism
of PARP inhibitor. Clinically, there are no studies to report that this carryover effect could exacerbate
the toxicities of subsequent chemotherapy.

TOP1 is an important cellular enzyme that allows for DNA relaxation. TOP1 cleaves DNA
to create a DNA single-strand break to which it remains covalently bound to, thus allowing for
rotation and relaxation of DNA. Once rotated, bound TOP1 ligates the nicked DNA and is released.
In olaparib-resistant cell lines, the size of the nucleus was larger than that in the parental cell lines.
This finding gave an indirect clue that TOP1 activity was increased in olaparib-resistant cells [16,17].
TOP1 activity is a predictive marker of irinotecan [28,29]. In the present study, increased TOP1 activity
in olaparib-resistant cells was confirmed by using TOP1 activity assay. According to changes of TOP1
expression by transfection of siRNA, the sensitivity of irinotecan was changed, and the size of the
nucleus was altered corresponding to olaparib-resistant cells. These results, therefore, provide direct
evidence for the alteration of irinotecan sensitivity in olaparib-resistant cells.

TOP1 activity was increased in all olaparib-resistant cell lines, although TOP1 protein expression
was not altered. TDP1 expression was downregulated in olaparib-resistant SNU-484, SNU-668, and
KATO-III cells, which were more sensitive to irinotecan after the acquisition of olaparib resistance.
Exceptionally, olaparib-resistant SNU-601 did not show altered expression of TDP1 and sensitivity to
irinotecan. SNU-601 had TDP1 mutation (A520D). It has been reported that inactive mutant TDP1
(H263A) did not reduce DNA-damage by camptothecin, although the function of this TDP1 mutation
(A520D) was unknown [30]. In colon cancer, TDP1 depletion increased the sensitivity to irinotecan
in a TOP1-dependent manner [31]. In our study, in parental cells, TOP1 upregulation and TDP1
downregulation resulted in the highest sensitivity to irinotecan compared with either change alone.
The mechanism underlying the carryover effect of olaparib for irinotecan could be confirmed, as these
changes in olaparib-resistant cells, which included an increased TDP1 downregulation along with
increased TOP1 activity.
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The PDX model established from the patient who acquired resistance even harboring BRCA2
mutation exhibited sensitivity to irinotecan. These results can help to explain how olaparib showed an
increase in overall survival, without increasing PFS in phase 2 trial conducted in gastric cancer, by its
carryover effect on irinotecan, which is used as a third-line treatment [10].

In summary, this study demonstrated that there were carryover effects after acquisition
of olaparib resistance. In olaparib-resistant cells, cisplatin resistance might occur because of
compensatory alterations in the ATR/ATM axis, and Chk and ERCC1 expression. Importantly,
irinotecan sensitivity was enhanced through TDP1 downregulation, concomitant with increased TOP1
activity in olaparib-resistant cells. Sensitivity to paclitaxel remained unaltered after acquisition of
resistance to olaparib. Based on these results, carryover effect of olaparib to subsequent therapy should
be significantly considered during the clinical use of olaparib.

4. Materials and Methods

4.1. Reagents

The PARP inhibitor, olaparib, was kindly provided by AstraZeneca, Ltd. (Macclesfield, Cheshire,
UK). Cisplatin and paclitaxel were obtained from Choongwoe Co., Ltd., and Samyang Genex Co.,
Ltd. (Seoul, Korea). Irinotecan (cas no. 100286-90-6) was purchased from Sigma Aldrich (St. Louis,
MO, USA).

4.2. Cell Lines and Cell Culture

Human gastric cancer cells (SNU-484, SNU-601, SNU-668, and KATO-III) were purchased from
the Korean Cell Line Bank (Seoul, Korea). The identities of cell lines were validated by DNA
fingerprinting analysis [32]. The cells were cultured at 37 ◦C in an atmosphere containing 5% CO2 in
Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine serum (FBS) and
10 µg/mL gentamicin.

4.3. Generation of Olaparib-Resistant Cells

Olaparib-resistant SNU-484, SNU-601, SNU-668, and KATO-III cells were established by
continuous exposure to olaparib, starting with 1 µmol/L and incrementally increasing the concentration
to 5 µmol/L over 7 months. Resistant cells were expanded in RPMI-1640 medium containing 10% FBS
and 1 µmol/L olaparib.

4.4. Cell Growth Inhibition Assay

Cells (2–3 × 103 in 100 µL/well) were seeded in 96-well plates and incubated overnight at 37 ◦C in
5% CO2, and then exposed to each drug at the indicated concentration for 5 days. After drug treatment,
50 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide solution (Sigma Aldrich) was
added to each well, and the plates were incubated for 4 h at 37 ◦C before the media was removed.
After dissolving the formazan crystals with 150 µL of dimethyl sulfoxide, the absorbance of each well
was measured at 540 nm with a VersaMax™microplate reader (Molecular Devices, Sunnyvale, CA,
USA). Half-maximal inhibitory concentration (IC50) values were analyzed using SigmaPlot software
(Statistical Package for the Social Sciences, Inc., Chicago, IL, USA).

4.5. Colony-Formation Assay

To compare the drug response between parental cells and resistant cells, the cells were seeded
into six-well plates and incubated with the indicated concentration of each drug for 14 days. The cell
colonies were washed in phosphate-buffered saline and stained with 0.1% Coomassie Blue solution
(Sigma Aldrich) for 1 h at room temperature. The excess staining solution was then removed, and the
plates were washed in PBS and air-dried. The cell colonies were counted using GELCOUNT (Oxford
Optronix Ltd., Abingdon, UK), and cell viability was calculated by using SigmaPlot.
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4.6. Western Blot Analysis

Whole cell proteins were extracted by using RIPA buffer, and equal amounts of protein were
separated on 5%–15% SDS-PAGE gels, as described previously [33]. Primary antibodies against
phosphorylated (p)-ATM, ATM, p-ATR, ATR, p-Chk1, Chk1, p-Chk2, Chk2, and ERCC1 were acquired
from Cell Signaling Technology (Beverley, MA, USA). Antibodies against TOP1 and TDP1 were
purchased from Abcam (Cambridge, UK). Actin antibody (Sigma Aldrich) was used as a control.
The band intensity was calculated by Image J software.

4.7. Immunofluorescence Assay

The degree of DNA condensation was examined by 4′,6-diamidino-2-phenylindole (DAPI) staining
and confocal laser microscopy. Cells were plated on 0.01% poly-l-lysine (Sigma Aldrich)-coated
coverslips and incubated overnight. Then, the cells were stained with DAPI (300 nM; Invitrogen,
Carlsbad, CA, USA) for 1 min. The coverslips were rinsed three times for 10 min in PBS and mounted
on slides using Faramount aqueous mounting medium (DAKO, Denmark). Immunofluorescence was
visualized using a Zeiss LSM 510 laser-scanning microscope.

4.8. Nuclear Extraction

Cells were incubated in hypotonic buffer A (10 mM HEPES (pH 7.5), 1.5 mM MgCl2, 10 mM
KCl, 0.2 mM EDTA, 0.5 mM DTT, 2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL pepstatin
A, 0.2 mM leupeptin, 10 µg/mL aprotinin, 1 mM sodium vanadate, 1 mM nitrophenylphosphate,
and 5 mM benzamidine) for 10 min at 4 ◦C. The cells were incubated with 0.1% NP-40 for 10 min at
4 ◦C, and then centrifuged at 2000 rpm for 5 min at 4 ◦C. The supernatant was removed, and the pellets
were resuspended in 1 mL of cold TEM solution (10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 4 mM
MgCl2) with 0.5 mM PMSF and centrifuged at 2000 rpm at 4 ◦C. The nuclear pellets were resuspended
in a small volume of TEM, and mixed and incubated with an equal volume of 1 M NaCl for 30 min at
4 ◦C. Then, the supernatant was kept as the nuclear extract, following centrifugation at 13000 rpm for
15 min at 4 ◦C.

4.9. TOP1 Activity Assay

The TOP1 activities of the nuclear extracts from each cell line were assessed by measuring the
relaxation of the supercoiled pHOT1 plasmid (TopoGEN, Inc., Buena Vista, CO, USA). Supercoiled
pHOT1 plasmid (250 ng/µL) was incubated with 1 µL of nuclear extract in 10 mM Tris-HCl (pH 7.9),
150 mM NaCl, and 1 mM EDTA for 60 min at 37 ◦C in a final volume of 20 µL [34,35]. The reaction
was terminated by the addition of 4 µL of stop buffer (1% Sarkosyl, 0.025% bromophenol blue, and
5% glycerol), and the samples were loaded onto 1% agarose gels. TOP1 activities were calculated by
measuring the degree of disappearance of the supercoiled DNA and are presented in a bar graph.

4.10. Plasmid and siRNA Transfection

pME18S-FL3-TOP1 and pOTB-TDP1 plasmids were purchased from the Korean human gene
bank (Daejoen, Korea) and both TOP1 and TDP1 were subcloned into pCMV-Tag2A vector.
SNU-484 and SNU-668 parental cells were transfected with 4 µg of pCMV-Tag2A-TOP1 plasmid
and/or 160 nM of TDP1-specific siRNA, while SNU-484 and SNU-668 olaparib resistant cells
were transfected with 4µg of pCMV-Tag2A-TDP1 plasmid and/or 160 nM of TOP1-specific siRNA
using Lipofectamin 2000 (Invitrogen, Carlsbad, CA, USA). TOP1- and TDP1-specific siRNAs were
synthesized from Genolution (Seoul, Korea), and the sequences of the TOP1-specific siRNAs
were 5′-GGGAAGGACTCCATCAGATACTATA-3′, 5′-AAGTGGAAATGGTGGGAAGAA-3′, and
5′-CGAAGAAGGTAGTAGAGTC-3′, and the sequences of the TDP-specific siRNAs were 5′-GACCATA
TCTAGTAGTGAT-3′, 5′-GGAGTTAAGCCAAAGTATA-3′, and 5′-CTAGACAGTTTCAAAGTG-3′.
The sequence of the non-specific siRNA was 5′-AATTCTCCGAACGTGTCACG-3′.
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4.11. Library Preparation and Sequencing

Library preparations, clustering, and whole genome sequencing were conducted by Macrogen
(Seoul, Korea). Libraries were prepared according to the TruSeq nano DNA library prep
manual (Illumina; San Diego, CA, USA). Genomic DNA (100 ng) was sheared using an LE220
Focused-ultrasonicator (Covaris; Woburn, MA, USA) with a duty factor of 15%, peak incident power of
450 W, 200 cycles per burst for 50 s. Sheared DNA fragments of around 350 bp were obtained according
to the manufacturer’s instructions. DNA libraries were enriched after ligating the indexing adapters
to the ends of the DNA fragments. The quality of the libraries was evaluated using TapeStation
2200 (Agilent; Santa Clara, CA, USA), quantified by using PicoGreen® dsDNA quantitation assay
(Thermo Fisher Scientific; Waltham, MA, USA), and measured on a Victor3 plate reader (PerkinElmer;
Waltham, MA, USA). A unique “bridged” amplification reaction was utilized for sequencing. A flow
cell containing the libraries was prepared and then loaded on to the HiSeq X-10 sequencer (Illumina)
for automated cycles of extension and imaging.

4.12. Patient-Derived Xenograft (PDX) Study

Animal experimentation was performed in accordance with the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) and IRB (20180416-1402-054-555). Fresh
human breast cancer tissue was obtained through a gun biopsy from hormone-receptor-positive,
HER2-negative IDC breast cancer patient with BRCA2 580del4 mutation, who acquired resistance to
olaparib. The obtained tissue was cut ~2-mm pieces within 1 h while covered in gauze dipped in
saline and transplanted into six-week-old, severe combined immunodeficient (NOG) female mice (F0).
Fresh human breast cancer tissue was cut into ~2-mm pieces and transplanted into 6-week-old, severe
combined immunodeficient (NOG) female mice (F0). When the tumor volumes reached to 1.5 cm in
diameter, it was dissected and re-implanted into another set of mice (F1). When the tumor volume
of F1 reached 150 mm3, the mice were randomly divided into three groups (4 mice per each group)
and olaparib (50 mg/kg, p.o, once daily), irinotecan (10 mg/kg, i.p, twice a week), or vehicle (0.5%
hydroxypropyl methylcellulose, p.o, once daily) were administered. Tumor volume was measured
three times a week by caliper and calculated using ((width)2

× (height))/2. All mice were sacrificed
with CO2 on 21 days after the treatment.

4.13. Statistical Analysis

All experiments were conducted independently at least three times, and statistical analyses
were performed using SigmaPlot version 9.0 (Statistical Package for the Social Sciences, Chicago,
IL, USA). Two-sided Student’s t-test was used when appropriate. The results are expressed as the
mean ± standard error (SE). A p-value < 0.01 was considered to represent statistical significance.

4.14. Ethics Declarations

The PDX study was approved by the Institutional Animal Care and Use Committee (IACUC) and
IRB (20180416-1402-054-555).

5. Conclusions

A carryover effect of olaparib-treatment, sensitizing to subsequent treatment, was suggested
in a clinical trial. To explore the possibility and the mechanism of this effect, olaparib-resistant
gastric cancer cells were tested with several chemotherapeutic agents, and underlying mechanisms
were explored. Olaparib-resistant gastric cancer cells show the compensatory alterations in
DNA-damage response pathways, and exhibit cross-resistance to cisplatin; however, these cells
are highly sensitive to subsequent treatment with irinotecan through tyrosyl-DNA phosphodiesterase
1 (TDP1) downregulation with increased topoisomerase 1 (TOP1) activity. These findings have
substantial implications on subsequent therapies for patients with olaparib-resistant cancers.



Cancers 2020, 12, 334 15 of 17

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/334/s1,
Figure S1. The populations of apoptotic cells following irinotecan or olaparib treatment; Figure S2. Protein
expression levels of parental and olaparib-resistant cells; Table S1. Sequences of the siRNAs.

Author Contributions: J.W.K. and A.M. designed the study, performed the experiments, interpreted the data,
and wrote the manuscript. H.J. and Y.J.K. assisted the PDX experiment. H.-J.K., K.-H.L., T.-Y.K., K.W.L., D.-Y.O.,
J.-H.K., Y.-J.B., and S.-A.I. supplied the clinical sample, conceived of the study, and participated in coordination.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Korean Cancer Foundation (K20121110), and funded by a grant of the
Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI) and by
the Ministry of Health & Welfare, Korea (grant number: HI14C1277).

Conflicts of Interest: Seock-Ah Im is a recipient of research funds from AstraZeneca Inc. and Pfizer and has
consultant and advisory role for AstraZeneca, Hanmi Corp, Novartis, Pfizer, Roche, and Spectrum. The other
authors declared that they have no conflict of interest.

References

1. Helleday, T. The underlying mechanism for the PARP and BRCA synthetic lethality: clearing up the
misunderstandings. Mol. Oncol. 2011, 5, 387–393. [CrossRef]

2. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping
of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef]

3. Fong, P.C.; Boss, D.S.; Yap, T.A.; Tutt, A.; Wu, P.; Mergui-Roelvink, M.; Mortimer, P.; Swaisland, H.; Lau, A.;
O’Connor, M.J.; et al. Inhibition of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers.
N. Engl. J. Med. 2009, 361, 123–134. [CrossRef]

4. Pujade-Lauraine, E.; Ledermann, J.A.; Selle, F.; Gebski, V.; Penson, R.T.; Oza, A.M.; Korach, J.; Huzarski, T.;
Poveda, A.; Pignata, S.; et al. 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. 2017, 18, 1274–1284. [CrossRef]

5. Tutt, A.; Robson, M.; Garber, J.E.; Domchek, S.M.; Audeh, M.W.; Weitzel, J.N.; Friedlander, M.; Arun, B.;
Loman, N.; Schmutzler, R.K.; et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCA1 or BRCA2 mutations and advanced breast cancer: a proof-of-concept trial. Lancet 2010, 376, 235–244.
[CrossRef]

6. Min, A.; Im, S.A.; Yoon, Y.K.; Song, S.H.; Nam, H.J.; Hur, H.S.; Kim, H.P.; Lee, K.H.; Han, S.W.; Oh, D.Y.; et al.
RAD51C-deficient cancer cells are highly sensitive to the PARP inhibitor olaparib. Mol. Cancer Ther. 2013, 12,
865–877. [CrossRef]

7. Comprehensive molecular characterization of gastric adenocarcinoma. Nature 2014, 513, 202–209. [CrossRef]
8. Jonson, L.; Ahlborn, L.B.; Steffensen, A.Y.; Djursby, M.; Ejlertsen, B.; Timshel, S.; Nielsen, F.C.; Gerdes, A.M.;

Hansen, T.V. Identification of six pathogenic RAD51C mutations via mutational screening of 1228 Danish
individuals with increased risk of hereditary breast and/or ovarian cancer. Breast Cancer Res. Treat. 2016, 155,
215–222. [CrossRef]

9. Coulet, F.; Fajac, A.; Colas, C.; Eyries, M.; Dion-Miniere, A.; Rouzier, R.; Uzan, S.; Lefranc, J.P.; Carbonnel, M.;
Cornelis, F.; et al. Germline RAD51C mutations in ovarian cancer susceptibility. Clin. Genet. 2013, 83,
332–336. [CrossRef]

10. Bang, Y.J.; Im, S.A.; Lee, K.W.; Cho, J.Y.; Song, E.K.; Lee, K.H.; Kim, Y.H.; Park, J.O.; Chun, H.G.; Zang, D.Y.;
et al. Randomized, Double-Blind Phase II Trial With Prospective Classification by ATM Protein Level to
Evaluate the Efficacy and Tolerability of Olaparib Plus Paclitaxel in Patients With Recurrent or Metastatic
Gastric Cancer. J. Clin. Oncol. 2015, 33, 3858–3865. [CrossRef]

11. Bang, Y.J.; Xu, R.H.; Chin, K.; Lee, K.W.; Park, S.H.; Rha, S.Y.; Shen, L.; Qin, S.; Xu, N.; Im, S.A.; et al. Olaparib
in combination with paclitaxel in patients with advanced gastric cancer who have progressed following
first-line therapy (GOLD): a double-blind, randomised, placebo-controlled, phase 3 trial. Lancet. Oncol. 2017,
18, 1637–1651. [CrossRef]

12. Ledermann, J.; Harter, P.; Gourley, C.; Friedlander, M.; Vergote, I.; Rustin, G.; Scott, C.; Meier, W.;
Shapira-Frommer, R.; Safra, T.; et al. Olaparib maintenance therapy in platinum-sensitive relapsed ovarian
cancer. N. Engl. J. Med. 2012, 366, 1382–1392. [CrossRef]

http://www.mdpi.com/2072-6694/12/2/334/s1
http://dx.doi.org/10.1016/j.molonc.2011.07.001
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1016/S1470-2045(17)30469-2
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1158/1535-7163.MCT-12-0950
http://dx.doi.org/10.1038/nature13480
http://dx.doi.org/10.1007/s10549-015-3674-y
http://dx.doi.org/10.1111/j.1399-0004.2012.01917.x
http://dx.doi.org/10.1200/JCO.2014.60.0320
http://dx.doi.org/10.1016/S1470-2045(17)30682-4
http://dx.doi.org/10.1056/NEJMoa1105535


Cancers 2020, 12, 334 16 of 17

13. Rottenberg, S.; Jaspers, J.E.; Kersbergen, A.; van der Burg, E.; Nygren, A.O.; Zander, S.A.; Derksen, P.W.; de
Bruin, M.; Zevenhoven, J.; Lau, A.; et al. High sensitivity of BRCA1-deficient mammary tumors to the PARP
inhibitor AZD2281 alone and in combination with platinum drugs. Proc. Natl. Acad. Sci. USA 2008, 105,
17079–17084. [CrossRef]

14. Tamaichi, H.; Sato, M.; Porter, A.C.; Shimizu, T.; Mizutani, S.; Takagi, M. Ataxia telangiectasia
mutated-dependent regulation of topoisomerase II alpha expression and sensitivity to topoisomerase
II inhibitor. Cancer Sci. 2013, 104, 178–184. [CrossRef]

15. Thomas, A.; Pommier, Y. Targeting Topoisomerase I in the Era of Precision Medicine. Clin. Cancer Res. 2019,
25, 6581–6589. [CrossRef]

16. Pommier, Y.; Leo, E.; Zhang, H.; Marchand, C. DNA topoisomerases and their poisoning by anticancer and
antibacterial drugs. Chem. Biol. 2010, 17, 421–433. [CrossRef]

17. Koster, D.A.; Crut, A.; Shuman, S.; Bjornsti, M.A.; Dekker, N.H. Cellular strategies for regulating DNA
supercoiling: a single-molecule perspective. Cell 2010, 142, 519–530. [CrossRef]

18. Plo, I.; Liao, Z.Y.; Barcelo, J.M.; Kohlhagen, G.; Caldecott, K.W.; Weinfeld, M.; Pommier, Y. Association of
XRCC1 and tyrosyl DNA phosphodiesterase (Tdp1) for the repair of topoisomerase I-mediated DNA lesions.
DNA Repair (Amst.) 2003, 2, 1087–1100. [CrossRef]

19. Smith, L.M.; Willmore, E.; Austin, C.A.; Curtin, N.J. The novel poly (ADP-Ribose) polymerase inhibitor,
AG14361, sensitizes cells to topoisomerase I poisons by increasing the persistence of DNA strand breaks.
Clin Cancer Res. 2005, 11, 8449–8457. [CrossRef]

20. Jaspers, J.E.; Kersbergen, A.; Boon, U.; Sol, W.; van Deemter, L.; Zander, S.A.; Drost, R.; Wientjens, E.; Ji, J.;
Aly, A.; et al. Loss of 53BP1 causes PARP inhibitor resistance in Brca1-mutated mouse mammary tumors.
Cancer Discov. 2013, 3, 68–81. [CrossRef]

21. Pommier, Y.; Barcelo, J.M.; Rao, V.A.; Sordet, O.; Jobson, A.G.; Thibaut, L.; Miao, Z.H.; Seiler, J.A.; Zhang, H.;
Marchand, C.; et al. Repair of topoisomerase I-mediated DNA damage. Prog. Nucleic Acid Res. Mol. Biol.
2006, 81, 179–229. [PubMed]

22. Zander, S.A.; Kersbergen, A.; van der Burg, E.; de Water, N.; van Tellingen, O.; Gunnarsdottir, S.; Jaspers, J.E.;
Pajic, M.; Nygren, A.O.; Jonkers, J.; et al. Sensitivity and acquired resistance of BRCA1;p53-deficient mouse
mammary tumors to the topoisomerase I inhibitor topotecan. Cancer Res. 2010, 70, 1700–1710. [CrossRef]
[PubMed]

23. Tahara, M.; Inoue, T.; Sato, F.; Miyakura, Y.; Horie, H.; Yasuda, Y.; Fujii, H.; Kotake, K.; 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. 2014, 13, 1170–1180. [CrossRef]
[PubMed]

24. Kim, J.W.; Cho, H.J.; Kim, M.; Lee, K.H.; Kim, M.A.; Han, S.W.; Oh, D.Y.; Lee, H.J.; Im, S.A.; Kim, T.Y.; et al.
Differing effects of adjuvant chemotherapy according to BRCA1 nuclear expression in gastric cancer. Cancer
Chemother. Pharm. 2013, 71, 1435–1443. [CrossRef] [PubMed]

25. Wang, A.T.; Kim, T.; Wagner, J.E.; Conti, B.A.; Lach, F.P.; Huang, A.L.; Molina, H.; Sanborn, E.M.; Zierhut, H.;
Cornes, B.K.; et al. A Dominant Mutation in Human RAD51 Reveals Its Function in DNA Interstrand
Crosslink Repair Independent of Homologous Recombination. Mol. Cell 2015, 59, 478–490. [CrossRef]
[PubMed]

26. Michl, J.; Zimmer, J.; Tarsounas, M. Interplay between Fanconi anemia and homologous recombination
pathways in genome integrity. EMBO J. 2016, 35, 909–923. [CrossRef]

27. Ang, J.E.; Gourley, C.; Powell, C.B.; High, H.; Shapira-Frommer, R.; Castonguay, V.; De Greve, J.; Atkinson, T.;
Yap, T.A.; Sandhu, S.; et al. Efficacy of chemotherapy in BRCA1/2 mutation carrier ovarian cancer in the
setting of PARP inhibitor resistance: a multi-institutional study. Clin. Cancer Res. 2013, 19, 5485–5493.
[CrossRef]

28. Jandu, H.; Aluzaite, K.; Fogh, L.; Thrane, S.W.; Noer, J.B.; Proszek, J.; Do, K.N.; Hansen, S.N.; Damsgaard, B.;
Nielsen, S.L.; et al. Molecular characterization of irinotecan (SN-38) resistant human breast cancer cell lines.
BMC Cancer 2016, 16, 34. [CrossRef]

29. Jansen, W.J.; Zwart, B.; Hulscher, S.T.; Giaccone, G.; Pinedo, H.M.; Boven, E. CPT-11 in human colon-cancer
cell lines and xenografts: characterization of cellular sensitivity determinants. Int. J. Cancer 1997, 70, 335–340.
[CrossRef]

http://dx.doi.org/10.1073/pnas.0806092105
http://dx.doi.org/10.1111/cas.12067
http://dx.doi.org/10.1158/1078-0432.CCR-19-1089
http://dx.doi.org/10.1016/j.chembiol.2010.04.012
http://dx.doi.org/10.1016/j.cell.2010.08.001
http://dx.doi.org/10.1016/S1568-7864(03)00116-2
http://dx.doi.org/10.1158/1078-0432.CCR-05-1224
http://dx.doi.org/10.1158/2159-8290.CD-12-0049
http://www.ncbi.nlm.nih.gov/pubmed/16891172
http://dx.doi.org/10.1158/0008-5472.CAN-09-3367
http://www.ncbi.nlm.nih.gov/pubmed/20145144
http://dx.doi.org/10.1158/1535-7163.MCT-13-0683
http://www.ncbi.nlm.nih.gov/pubmed/24577941
http://dx.doi.org/10.1007/s00280-013-2141-x
http://www.ncbi.nlm.nih.gov/pubmed/23633032
http://dx.doi.org/10.1016/j.molcel.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26253028
http://dx.doi.org/10.15252/embj.201693860
http://dx.doi.org/10.1158/1078-0432.CCR-13-1262
http://dx.doi.org/10.1186/s12885-016-2071-1
http://dx.doi.org/10.1002/(SICI)1097-0215(19970127)70:3&lt;335::AID-IJC15&gt;3.0.CO;2-E


Cancers 2020, 12, 334 17 of 17

30. Barthelmes, H.U.; Habermeyer, M.; Christensen, M.O.; Mielke, C.; Interthal, H.; Pouliot, J.J.; Boege, F.;
Marko, D. TDP1 overexpression in human cells counteracts DNA damage mediated by topoisomerases I and
II. J. Biol. Chem. 2004, 279, 55618–55625. [CrossRef]

31. Meisenberg, C.; Gilbert, D.C.; Chalmers, A.; Haley, V.; Gollins, S.; Ward, S.E.; El-Khamisy, S.F. Clinical and
cellular roles for TDP1 and TOP1 in modulating colorectal cancer response to irinotecan. Mol. Cancer Ther.
2015, 14, 575–585. [CrossRef] [PubMed]

32. Ku, J.L.; Park, J.G. Biology of SNU cell lines. Cancer Res. Treat. 2005, 37, 1–19. [CrossRef] [PubMed]
33. Lee, M.; Lee, K.H.; Min, A.; Kim, J.; Kim, S.; Jang, H.; Lim, J.M.; Kim, S.H.; Ha, D.H.; Jeong, W.J.; et al. Pan-Pim

Kinase Inhibitor AZD1208 Suppresses Tumor Growth and Synergistically Interacts with Akt Inhibition in
Gastric Cancer Cells. Cancer Res. Treat. 2018. [CrossRef] [PubMed]

34. Guo, L.; Liu, X.; Jiang, Y.; Nishikawa, K.; Plunkett, W. DNA-dependent protein kinase and ataxia telangiectasia
mutated (ATM) promote cell survival in response to NK314, a topoisomerase IIalpha inhibitor. Mol. Pharm.
2011, 80, 321–327. [CrossRef]

35. Park, H.J.; Lee, H.J.; Lee, E.J.; Hwang, H.J.; Shin, S.H.; Suh, M.E.; Kim, C.; Kim, H.J.; Seo, E.K.; Lee, S.K.
Cytotoxicity and DNA topoisomerase inhibitory activity of benz[f]indole-4,9-dione analogs. Biosci. Biotechnol.
Biochem. 2003, 67, 1944–1949. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M405042200
http://dx.doi.org/10.1158/1535-7163.MCT-14-0762
http://www.ncbi.nlm.nih.gov/pubmed/25522766
http://dx.doi.org/10.4143/crt.2005.37.1.1
http://www.ncbi.nlm.nih.gov/pubmed/19956504
http://dx.doi.org/10.4143/crt.2017.341
http://www.ncbi.nlm.nih.gov/pubmed/29879757
http://dx.doi.org/10.1124/mol.109.057125
http://dx.doi.org/10.1271/bbb.67.1944
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Altered Sensitivity of Chemotherapeutic Agents in Olaparib-Resistant Cells 
	Changes of Proteins Related to the DNA-Damage Response in Olaparib-Resistant Cell Lines 
	Morphological Changes in the Olaparib-Resistant Cell Lines 
	Increased TOP1 Activity and Decreased TDP1 Expression in Olaparib-Resistant Cell Lines 
	Changes of Irinotecan Sensitivity According to Manipulated TOP1 and TDP1 Expression 
	Potent Anti-Tumor Activity of Irinotecan in Olaparib-Resistant Patient-Derived Breast Cancer Xenograft Model 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Lines and Cell Culture 
	Generation of Olaparib-Resistant Cells 
	Cell Growth Inhibition Assay 
	Colony-Formation Assay 
	Western Blot Analysis 
	Immunofluorescence Assay 
	Nuclear Extraction 
	TOP1 Activity Assay 
	Plasmid and siRNA Transfection 
	Library Preparation and Sequencing 
	Patient-Derived Xenograft (PDX) Study 
	Statistical Analysis 
	Ethics Declarations 

	Conclusions 
	References

