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Abstract. cis-Diamminedichloroplatinum/cisplatin (CDDP) 
is a major drug used in cancer chemotherapy; however, the 
toxic side-effects and development of drug resistance repre-
sent major challenges to the clinical use of CDDP. The aim of 
the present study was to identify effective drug combination 
regimens through high-throughput drug screening that can 
enhance the efficacy of CDDP, and to investigate the under-
lying mechanisms. A cell-based high-throughput screening 
methodology was implemented, using a library of 1,280 Food 
and Drug Administration (FDA)-approved drugs, to identify 
clinical compounds that act synergistically with CDDP. Our 
study identified two compounds, namely potassium antimony 
tartrate and topotecan, that significantly enhanced the sensi-
tivity of colorectal and non-small cell lung cancer cells to 
CDDP. The synergistic action of both compounds with CDDP 
was confirmed by further quantitative analyses. Topotecan is 
a topoisomerase-1 inhibitor that has previously been shown 
to enhance the clinical response and overall patient survival 
when combined with CDDP by a yet unclear mechanism. We 
demonstrated that the combination of topotecan with CDDP 
significantly inhibited colony formation ability and increased 
the apoptosis of several cancer cell lines. Mechanistic analyses 
revealed that topotecan enhanced CDDP-induced DNA 

damage and inhibited the repair of DNA strand breaks, without 
affecting the cellular platinum content. Overall, the findings of 
this study demonstrated that the use of the FDA-approved drug 
panel in high-throughput screening is an effective method for 
identifying effective therapeutic regimens that are clinically 
relevant, and may have high feasibility for translation into 
clinical practice.

Introduction

Cisplatin (cis-diamminedichloroplatinum, CDDP) is a front-
line drug used in the clinical treatment of cancers of various 
tissue types, including colorectal, lung, ovarian, testicular, 
penile, cervical, head and neck, and bladder carcinomas. CDDP 
was the first Food and Drug Administration (FDA)‑approved 
platinum (Pt)-based drug for cancer treatment in the 1970s, 
and continues to be one of the most widely used chemothera-
peutic drugs (1-4). CDDP is considered a cytotoxic agent, as 
it binds and damages DNA, thus triggering various cytotoxic 
events, such as the inhibition of DNA replication, transcription 
arrest, DNA damage responses, cell cycle arrest, and apop-
tosis (5). Such toxic effects limit the clinical application of 
CDDP-based chemotherapy, which is associated with nephro-
toxicity, neurotoxicity and other significant side-effects (6-8). 
CDDP-induced side-effects are dose-dependent, limiting the 
administration of the effective dose, thus compromising the 
therapeutic efficacy (9). The development of drug resistance is 
another major challenge. Several factors may be responsible for 
resistance to CDDP, such as reduced cellular uptake, increased 
efflux and increased DNA repair (10,11). Combining drugs is 
a potentially effective method for overcoming resistance and 
minimizing toxic side-effects, as it allows for a lower drug 
dose. Therefore, effective regimens that can potentiate the 
therapeutic efficacy of CDDP are urgently required.

Pt-based drugs, including CDDP, carboplatin and oxalipl-
atin, have been clinically evaluated in combination with other 
chemotherapeutic agents, including etoposide, mitomycin C, 
vinblastine, paclitaxel, docetaxel, vinorelbine, gemcitabine, 
cyclophosphamide, doxorubicin, epirubicin, methotrexate, 
lonidamine and 5-fluorouracil  (12). Several Pt-based drug 
combination regimens have achieved an improvement in 
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clinical response and have positively affected the overall 
survival of patients  (13,14). These drug combinations are 
largely the results of empirical clinical trials rather than 
mechanism-based design, as mechanistic studies and clinical 
evaluation require vast resources (15). In recent years, the 
evaluation of FDA-approved drugs for new disease indications 
(drug repurposing) has emerged as an effective strategy for 
discovering novel therapeutic measures that can be rapidly 
translated into clinical applications due to the availability of 
prior knowledge regarding the drug mechanisms of action, 
pharmacokinetics, formulation, and toxicity/safety informa-
tion (16-18).

In the present study, we used a cell-based high-throughput 
screening (HTS) approach to screen the FDA-approved drugs 
(1,280 compounds in total) in search of drugs that potentially 
act synergistically with CDDP. We identified two compounds, 
namely potassium antimony tartrate (PAT), and topotecan, 
that were capable of significantly enhancing the anticancer 
activity of CDDP. Topotecan was further investigated to gain 
mechanistic insight into the synergic activity.

Materials and methods

Chemicals and reagents. The FDA-approved drug library 
of 1,280 compounds (10  mM concentration in DMSO, 
80  compounds/96-well plate, 16  plates) was purchased 
from MicroSource Discovery Systems (Gaylordsville, CT, 
USA). CDDP and topotecan were purchased from Hospira 
(Lake Forest, IL, USA) and GlaxoSmithKline (London, UK), 
respectively. MTS, PAT and ethanol were purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Cells and cell culture. All the cell lines used in this study were 
purchased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The human colorectal cancer cell line, 
DLD-1, and the non-small-cell lung cancer (NSCLC) cell line, 
NCI-H460, were cultured in RPMI-1640 (Corning Cellgro, 
Shanghai, China) supplemented with 10% fetal bovine serum 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The colon cancer cell lines, HT-29 and HCT-116, were 
maintained in McCoy's 5A (Sigma-Aldrich) with 10% fetal 
bovine serum (FBS). The LS-174T and RKO human colorectal 
cancer cell lines were cultured in DMEM and MEM (Corning 
Cellgro) supplemented with 10% FBS, respectively. The cells 
were cultured at 37˚C in a humidified incubator (Thermo 
Fisher Scientific, Inc.) containing 5% CO2, and were seeded 
and incubated in culture flasks or plates overnight prior to each 
treatment.

Cell viability assay and high-throughput drug screening. Cell 
viability was measured using the MTS colorimetric assay. 
Briefly, the cells were seeded in a 96-well plate at a density 
of 2,000 cells per well, and treated with the indicated drugs 
at the specified concentrations. Following a 72-h incuba-
tion, 20 µl of MTS were added to each well and incubated 
for a further 3 h. The absorbance of each well at 490 nm was 
measured using a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA) and each experiment was performed in 
triplicate wells. The 1,280 FDA-approved drugs were stored as 
10-mM solutions in 100% DMSO and diluted to 2 mM with 

phosphate-buffered saline (PBS) using a single-arm, multi-
channel workstation (Aurora Biomed, Inc., Vancouver, BC, 
Canada). Using this workstation, the high-throughput MTS 
viability assays were performed as described in Table I.

Numerical characterization method of synergy, additivity and 
antagonism. The drug combination index (CI) was calculated 
using the CalcuSyn software developed by Chou (19) (CI <1, 
synergism; CI =1, additive effect; CI >1, antagonism). The 
methods by which the normalized cell survival rate was char-
acterized were based on a previous publication (20). Given the 
viability of drugs A and B at the respective concentrations x 
and y as VA and VB, the additive response viability is predicted 
as VAV±B.

Colony formation assay. A total of 500 cells/well were plated 
in 6-well plates and cultured with each drug for 10-14 days. 
Each of the colonies was washed twice with PBS, fixed with 
methanol and stained with crystal violet for 15 min at room 
temperature. After washing with water, the colonies were 
photographed and counted using the AlphaImager HP system 
(ProteinSimple, San Jose, CA, USA).

Cellular apoptosis assay. The cells were seeded in a 6-well 
plate as 2x105 cells/well, allowed to adhere overnight, and 
were then treated with the indicated drugs as described in the 
figure legends. The cells were harvested by trypsinization, 
washed with PBS (4˚C), and suspended in 500 µl buffer. The 
cells were stained with Annexin V-FITC for 15 min and then 
stained with PI (Apoptosis kit from KeyGen Biotech, Nanjing, 
China) for 5 min at room temperature. The samples were 
analyzed by a FACSCalibur flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA).

Comet assay (single-cell gel electrophoresis assay). A 
Comet assay was performed according to the method previ-
ously described (21). Briefly, following treatment with the 
indicated drugs for 6 h, the cells were collected, washed and 
re-suspended in cold PBS. The cell suspensions (2x106 cells/ml, 
20 µl) were mixed with 100 µl 0.5% low-melting-point agar 
(Sigma‑Aldrich), and were then placed onto a slide pre-coated 
with 1% normal-melting-point agar (Sigma-Aldrich). When 
the agar was solidified, the slides were submerged in fresh pre-
chilled lysis buffer (10 mM Tris-HCl, pH 10.0, 2.5 M NaCl, 
100 mM ethylenediaminetetraacetic acid and 1% Triton X-100) 
for at least 1 h at 4˚C. After rinsing with a neutralization buffer 
(0.4 M Tris-HCl, pH 7.5) for 5 min, the slides were soaked 
in the alkaline electrophoresis buffer (300 mM NaOH, 1 mM 
ethylenediaminetetraacetic acid, pH >13, 4˚C) for 15 min and 
then subjected to electrophoresis for a further 15-20 min (25 V, 
300 mA). The slides were then stained with SYBR‑Green I 
(Biotek, Beijing, China) and photographed under a fluores-
cence microscope (Nikon, Tokyo, Japan). The CASP software 
program, version 1.2.2, provided by the CASPLab Comet 
Assay Project, was used to analyze the percentage of tail 
DNA, which indicates damaged DNA.

Cellular Pt content analysis. The measurement of the 
total intracellular Pt content was performed as previously 
described (22). In brief, following CDDP treatment, the cells 
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were collected, washed twice with cold PBS and counted. 
Subsequently, 1 ml nitric acid was added to the cell pellets, 
mixed and kept at 68˚C for 1 h. The solution was diluted 
to 1:10 with ddH2O and sent for a Pt content analysis using an 
Agilent 7500ce inductively coupled plasma-mass spectrometer 
(ICP-MS; Agilent Technologies, Inc., Santa Clara, CA, USA).

Western blot analysis and antibodies. The cells were washed 
twice with cold PBS and lysed in radio immunoprecipita-
tion assay (RIPA) lysis buffer containing protease inhibitors 
and phosphatase inhibitors (Cell Signaling Technology, Inc., 
Danvers, MA, USA) on ice for 20 min. Protein (30 µg) was 
separated by electrophoresis using 10% SDS‑PAGE and trans-
ferred onto polyvinylidene fluoride membranes (Millipore, 
Billerica, MA, USA). The membranes were incubated with 
mouse anti-γH2AX (ab22551, dilution, 1:2,000) at 4˚C over-
night on a shaking platform, washed, and then incubated with 
horseradish peroxide-conjugated goat anti-mouse secondary 
antibody (ab6789; dilution, 1:10,000) for 1 h at room tempera-
ture. The blots were visualized using chemiluminescent 
reagents (KeyGen Biotech) and revealed with X-ray film. 
α-tubulin was used as a loading control. The α-tubulin anti-
body (GTX628802; dilution, 1:5,000) was purchased from 
GeneTex (Irvine, CA, USA), and all other antibodies were 
purchased from Abcam (Cambridge, MA, USA).

Statistical analysis. The cytotoxic combined effect of 
PAT/topotecan and CDDP was calculated using CalcuSyn 
software (Biosoft, Cambridge, UK). The data were analyzed 
with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 
CA, USA). A Student's t-test was used to analyze the statistical 
difference between two groups, while a two-way ANOVA with 
Bonferroni's correction were used to determine the statistical 
difference among multiple groups, as indicated in the figure 
legends. The data are reported as the means ± SD of 3 inde-
pendent experiments. The results were deemed statistically 
significant at a value of P<0.05.

Results

Screening of drugs that potentiate the anticancer activity 
of CDDP. To identify drugs that may enhance the effects of 
CDDP, a quantitative cell-based drug screening approach was 
used to assess the combinational activity of CDDP and one 
of the 1,280 FDA-approved drugs. The sensitivity to CDDP 
was first evaluated in several colorectal cancer cell lines to 
select the optimal drug concentrations and cell lines for the 
screening. Two cell lines with relatively low sensitivities to 
CDDP, HT-29 and DLD-1, were selected. As shown in Fig. 1A, 
the IC50 value for CDDP was ~10 µM for both cell lines, 
which was selected for further combination analyses. Various 

Figure 1. Cell-based high throughput screening (HTS) of FDA-approved drug library for sensitizers of cisplatin. (A) MTS assay of the sensitivity of 5 colorectal 
cancer cell lines to cisplatin (CDDP). Data are shown as the means ± SD, n=3 experiments. (B) A schematic illustration of the combination screening for drugs 
having synergistic effect with CDDP. Each of the compounds (drug X, 10 µM) in the FDA-approved drug library (1,280 compounds) was tested in the first 
round screening (Step 1) in combination with 10 µM CDDP. The preliminary hits (40 compounds) were further tested in Steps 2 and 3 for synergistic effects in 
combination with CDDP, using multiple drug concentrations. (C) HTS data of 1,280 drugs combined with CDDP using DLD-1 and HT-29 cells. The blue and 
black lines indicate the survival rates of DLD-1 and HT-29 cells, respectively, treated with 10 µM CDDP; the blue dashed line indicate the threshold (<20% 
viable cells) for the primary screening in Step 1. The dots under the dashed line show potential hits; the two circles indicate the two compounds (PAT and 
topotecan) validated in Step 3.
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experimental conditions, including the number of cells per 
well, the length of the drug incubation period, and the volume 
of the reagents, were tested for optimization of the assay. The 
protocol for the screening study is summarized in Table I. The 
screening procedures included three main steps, as shown 
in Fig. 1B. During the primary screening, we compared the 
viability of the two cell lines exposed to CDDP (10 µM) 
alone or to CDDP in combination with 10 µM drug X (one of 
the 1,280 drugs in the FDA-approved drug library). A drug 
that enhanced the CDDP inhibition of cell growth to <20% 
viable cells was considered as a potential hit in the primary 
screening (Fig. 1C). Using this criterion, 40 drugs capable 
of enhancing the cytotoxicity of CDDP were identified. 
Subsequently, the 40 compounds identified from the primary 
screening were further evaluated at a dose-range of 0.1-30 µM 
to further evaluate the potential synergistic effects in combina-
tion with CDDP. The top 10 compounds that were validated in 
the second test step are listed in Table II. In the third step, the 
dose-effect analysis described by Chou and Talalay (19) was 
used to determine the drug CI values of the top hits for the 
two colon cancer cell lines. Through these 3 steps, we identi-
fied two drugs, namely PAT and topotecan, that consistently 
showed synergy with CDDP.

Synergistic effects of CDDP and topotecan. Since CDDP is 
often used in the treatment of colon cancer and NSCLC (23,24), 
we selected NSCLC (NCI-H460) and colon cancer (DLD-1) 
cell lines to further investigate the chemosensitization effect 
of topotecan on CDDP. MTS cell growth inhibition, colony 
formation and apoptosis assays were used to evaluate the drug 
combination effects. The results of MTS assay demonstrated 
that the combination of CDDP and topotecan resulted in 
a concentration-dependent increase in cell growth inhibi-
tion. To examine whether the drug combination was more 
than additive, cell growth inhibition curves were normal-
ized to the growth inhibition induced by the corresponding 
concentration (5-10  µM) of CDDP alone, according to a 
previously described method  (20). The normalized curves 
exhibited a significant low-left shift with the drug combination 
in DLD-1 (Fig. 2A) and NCI-H460 cells  (Fig. 2B) respec-
tively, indicating more than an additive effect. The colony 
formation assay also confirmed a significant loss of more cell 
colonies when CDDP and topotecan were used in combina-
tion in DLD-1 cells (Fig. 2C) and NCI-H460 cells (Fig. 2D). 
In addition, an apoptosis assay was performed to evaluate 
the synergistic killing effect of CDDP and topotecan after 
the DLD-1 cells or NCI-H460 cells were double-stained with 

Table I. Drug combination screening protocol used in this study.

Step	 Parameter	 Description	 Instrument

1 Drug dilution	 14 µl Drug X	 Dilute drug X	 ABV1000
	 266 µl DMSO	 from 10 mM to 2 mM	 ABV1000
2 Cell seeding	 100 µl	 2000 cells/well
3 Add reagent	 20 µl Drug X	 Add two drugs/well	 ABV1000
	 80 µl CDDP	 (final concentration: 10 µM)
4 Incubate	 72 h	 5% CO2/37˚C incubation	 Incubator
5 Add reagents	 20 µl	 MTS solution (5 mg/ml)	 ABV1000
6 Incubate	 3 h	 5% CO2/37˚C incubation	 Incubator
7 Read	 Fluorescence	 490 nm	 Synergy MR

ABV1000, Aurora Biomed Versa 1000 workstation; Incubator, Forma Series II Water Jacket CO2 incubator from Thermo Scientific; Synergy 
MR, Synergy HT Microplate Reader from BioTek Instruments.

Table II. Top 10 drugs that potentiate the anticancer activity of cisplatin.

Rank 	 Drug name	 Classification 

  1	 Antimony potassium tartrate trihydrate	 Antischistosomal
  2	 Topotecan hydrochloride	 Antineoplastic; topoisomerase I inhibitor
  3	 Thioridazine hydrochloride	 Antipsychotic
  4	 Oxyphenbutazone	 Anti-inflammatory
  5	 Emetine dihydrochloride	 Inhibits RNA, DNA and protein synthesis
  6	 Oxyquinoline sulfate	 Anti-infective, complexing agent
  7	 Monensin sodium (monensin A)	 Antibacterial
  8	 Piroctone olamine	 Antiseborrheic
  9	 Amsacrinea	 Antineoplastic, immune suppressive
10	 Phenylmercuric acetate	 Antifungal, antimicrobial
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Annexin V/PI (Fig. 2E and F). Quantitative analysis of tripli-
cate experiments demonstrated that the observed cell survival 
rate of 54.5% was significantly lower than the calculated 
additive effect (73.6%; P<0.05, Fig. 2G) in the DLD1 cells. A 
similar synergistic drug combination effect was also observed 
in the NCI-H460 cells (Fig. 2F and G). Quantitative analysis 

of the drug combination index revealed that the CI values were 
predominately <1.0 (Fig. 2H), confirming the synergy between 
CDDP and topotecan.

Enhancement of the CDDP anticancer activity by PAT. 
Similar to the synergistic effects between CDDP and 

Figure 2. Synergistic effect of cisplatin (CDDP) in combination with topotecan in colon and lung cancer cells. (A) Normalized cell survival curves in DLD-1 cells 
treated with the the indicated concentrations of topotecan and CDDP (square, 5 µM; triangle, 10 µM). Graph shows means ± SD, n=3 experiments; the P-values 
for 5 µM CDDP + TPT and 10 µM CDDP + TPT compared to TPT alone are 2.45x10-4 and 1.06x10-11, respectively (two-way ANOVA). (B) Normalized viability 
of NCI-H460 cells treated with the respective concentration of CDDP alone or combined with topotecan. Graph shows the means ± SD, n=3 experiments; the 
P-values for 1 µM CDDP + TPT and 5 µM CDDP + TPT compared to TPT alone are 1.33x10-10 and 6.77x10-14, respectively (two-way ANOVA). (C and D) The 
colony formation assay of (C) DLD-1 and (D) NCI-H460 cells treated with the indicated concentrations of CDDP and topotecan for 2 weeks. (E and F) Apoptosis 
induced by CDDP (10 µM) and combination treatment with topotecan (2.5 µM) for 48 h was detected by Annexin V/PI double staining followed by flow cyto-
metric analysis in (E) DLD-1 and (F) NCI-H460 cells. (G) Quantitative data of the apoptosis assay in DLD-1 cells and NCI-H460 cells. Additive, indicates the 
estimated additive effect based on the effect of each drug alone. Data are shown as the means ± SD. n=3 experiments, *P<0.05. (H) Drug combination index (CI) 
between CDDP and topotecan in DLD-1 and NCI-H460 cells based on colony formation assay. (CI <1, synergism; CI =1, additive; CI >1, antagonism).
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topotecan described above, the ability of PAT to enhance the 
anticancer activity of CDDP was validated using multiple 
assays. As is shown in Fig. 3A and B, PAT alone did not 
exert a significant effect on cell survival within the range of 
concentrations tested; however, the combination of PAT and 
CDDP led to a significant decrease in the survival of both the 
DLD-1 and NCI-H460 cells. The evident low-left shift of the 
normalized cell survival curves with the drug combination 

indicated more than an additive effect. Colony formation 
assay in the DLD-1 (Fig. 3C) and NCI-H460 cells (Fig. 3D) 
and flow cytometric apoptosis assay  (Fig. 3E and F) also 
confirmed the synergy between CDDP and PAT in both cell 
lines. All CI values calculated from the colony formation 
assay with different concentrations of the drug combinations 
were <1.0 (Fig. 3H), indicating a synergistic effect of the two 
drugs in both cell lines.

Figure 3. Effect of cisplatin (CDDP) and potassium antimony tartrate (PAT) alone or in combination on the viability of colon and lung cancer cell lines. 
(A) Normalized cell survival curves of DLD-1 colon cancer cells treated with the indicated concentrations of CDDP and PAT. Data are shown as the 
means ± SD, n=3 experiments; The P-values for 5 µM CDDP + PAT and 10 µM CDDP + PAT compared to PAT alone group are 3.21x10-9 and 1.67x10-11, 
respectively (two-way ANOVA). (B) Normalized cell survival curves of NCI-H460 lung cancer cells treated with the indicated concentrations of CDDP and 
PAT. Data are shown as the means ± SD, n=3 experiments; The P-values for 5 µM CDDP + PAT and 10 µM CDDP + PAT compared to PAT alone group 
are 3.82x10-4 and 3.68x10-6, respectively (two-way ANOVA). (C and D) The colony formation assay of (C) DLD-1 and (D) NCI-H460 cells treated with the 
indicated concentration of CDDP, PAT or their combination. (E and F) Induction of apoptosis of (E) DLD-1 and (F) NCI-H460 cells by CDDP, PAT, or their 
combination for 48 h. (G) Quantitative data of the apoptosis assay in DLD-1 cells. Additive, indicates the estimated additive effect based on the effect of each 
drug alone. Columns, mean (n=3 experiments); bars, SD; *P<0.05. (H) Drug combination index (CI) of CDDP and PAT in DLD-1 and NCI-H460 cells (CI <1, 
synergism; CI =1, additive; CI >1, antagonism). 
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Topotecan impairs the ability of cells to repair CDDP‑induced 
DNA damage. The cytotoxicity of CDDP is mainly induced 
by DNA damage from the formation of drug-DNA adducts, 
leading to interstrand and intrastrand crosslinks, and double-
strand breaks (DSBs) (5). Considering the important role of 
topoisomerase I, a therapeutic target of topotecan, in chro-
matin remodeling and DNA repair (25-27), we hypothesized 
that the CDDP-induced DNA damage may be enhanced by 
topotecan due to its inhibition of topoisomerase I. Using the 

alkaline comet assay, we observed that DNA strand breaks 
induced by CDDP were significantly increased by topotecan, 
as evidenced by the appearance of increased comet tails after 
single-cell gel electrophoresis (Fig. 4A and B). In the cells 
treated with CDDP alone, the drug-induced DNA damage was 
largely repaired at 4 h after the removal of CDDP, as evidenced 
by the disappearance or reduction in the number of DNA tails. 
The addition of topotecan rendered the cells unable to repair 
the DNA damage, resulting in the persistence of strand breaks 

Figure 4. Effect of topotecan on DNA damage induced by cisplatin (CDDP). (A) Comet assay of DNA damage in DLD-1 cells treated with CDDP (10 µM), 
topotecan (1 µM), or their combination. Cells were treated with the indicated concentrations of the drugs for 6 h, and the samples were then either subjected to 
comet assay or incubated in drug-free medium for another 4 h to allow potential DNA repair. The bright green dots represent the cellular nuclei area; the ‘tail’ 
length and intensity on the left side of each nucleus represent the degree of DNA fragmentations eluted out from the cell during electrophoresis. (B) Comet assay 
of DNA damage in NCI-H460 cells treated with the indicated concentrations of CDDP, topotecan (0.5 µM), or their combination. (C) Quantitative data of DNA 
damage in DLD-1 cells treated with CDDP (10 µM), topotecan (1 µM), or their combination. The comparison between the 6-h drug exposure group and the 
4-h drug removal group within each independent treatment (CDDP, TPT or C + T) was analyzed by a Student's t-test. The comparison of (C + T) vs. the CDDP 
group or (C + T) vs. the TPT group was analyzed by the Student's t-test with Bonferroni correction. (D) Quantitative data of DNA damage in NCI-H460 cells 
treated with CDDP (10 µM), topotecan (0.5 µM), or their combination. The comparison between the 6-h drug exposure group and the 4-h drug removal group 
within each independent treatment (CDDP, TPT, or C + T) was analyzed by the Student's t-test. The comparison of (C + T) vs. the CDDP group or (C + T) vs. the 
TPT group was analyzed by the Student's t-test with Bonferroni correction. Data are shown as the means ± SD, n=4 experiments. *P<0.05; **P< 0.01; ***P<0.001 
following Bonferroni correction.
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(comet tails) at 4 h after drug removal. The quantitative data 
for the DNA strand breaks are presented in Fig. 4C and D.

Topotecan enhances the formation of CDDP-induced DNA 
DSBs without affecting cellular Pt content. The replication 
DSBs produce several well-characterized molecular responses, 
including the phosphorylation of the H2AX histone variant, 
which occurs within minutes after the formation of DSBs (28). 
The phosphorylated form of H2AX, termed γ-H2AX, can 
be detected by immunofluorescence or immunostaining as it 
accumulates and forms nuclear foci at DSBs (29). Thus, we 
used western blot analysis of γ-H2AX to detect the DSBs 
induced by CDDP in the presence and absence of topotecan. 
The γ-H2AX level increased after each of the drug treatments 
alone, and was further enhanced when the two drugs were 
combined (Fig. 5A). The results revealed that DNA damage at 
24 h was significantly more severe when the DLD-1 cells were 
treated with both CDDP and topotecan compared with when 
they were treated with either drug alone. A similar combina-
tion result was observed in the NCI-H460 cells following 
treatment with the drugs for 12 h.

As nucleotide excision repair (NER) is the primary mecha-
nism for the removal of CDDP from the cell nucleus (30), and 
Pt efflux is a critical mechanism of resistance to CDDP (31), 
the impact of topotecan on cellular Pt content was measured 
to examine the possibility that topotecan may enhance the 
anticancer activity of CDDP by increasing cellular Pt content. 
Quantitative analysis of Pt revealed that, following a 24-h incu-
bation of the DLD-1 cells with 10 µM CDDP in the presence or 
absence of topotecan, there was no difference in intracellular 

Pt content between the two groups (Fig. 5B). Similar results 
were also observed in the NCI-H460 cells (Fig. 5B). These 
results indicate that the increase in DNA DSBs in cells treated 
with both CDDP and topotecan was not due to an increase 
in the cellular accumulation of Pt, but was likely due to the 
inhibition of DNA repair.

Discussion

CDDP-based chemotherapy is one of the conventional regimens 
used in the clinical treatment of various cancers of different 
tissue types. However, the development of drug resistance and 
toxic side-effects pose major challenges to the clinical use of 
CDDP (1-3,6,7). Even with newer-generation Pt drugs, such as 
oxaliplatin and carboplatin, cross-resistance and toxic effects 
still develop (32,33). Thus, an effective regimen combining 
CDDP with another clinical drug to overcome resistance to 
treatment and reduce the incidence and severity of toxic side-
effects is urgently required. Various high-throughput screening 
technologies for the discovery of potential drug combination 
regimens have been reported (34), although there remain chal-
lenges in establishing effective combination screening.

In the present study, we were able to identify clinical 
drugs that enhance the anticancer activity of CDDP by using 
a cell-based assay to screen a collection of FDA-approved 
drugs. Among the library of 1,280 FDA-approved compounds 
screened, 10  drugs exhibited potential ability to enhance 
the cytotoxicity of CDDP. One of the compounds identified, 
topotecan, has previously been demonstrated to improve the 
therapeutic efficacy when combined with CDDP in the clinical 
treatment of cancers (35). Thus, it appears that this cell-based 
screening strategy is robust and may yield clinically relevant 
hits. Therefore, it is possible to use this method to identify 
FDA-approved drugs that may improve the therapeutic effi-
cacy of other chemotherapeutic agents.

PAT was the top hit from our screening assay. This 
compound, also known as tartar emetic, was previously used 
as an anti-parasitic agent for the treatment of leishmaniosis and 
schistosomiasis (36,37). PAT, similar to other metal-containing 
compounds, such as arsenic trioxide and CDDP, possesses 
anticancer properties and has been proposed as a potential 
novel therapy for acute promyelocytic leukemia and other 
malignancies (38). It has been reported that PAT may induce 
the caspase- and reactive oxygen species (ROS)‑dependent 
apoptosis of human myeloid leukemia HL-60 cells and 
lymphoid tumor cells (39,40). Of note, a recent study reported 
that PAT exerted anti-angiogenic effects on lung cancer (41). 
The present study revealed the significant ability of PAT to 
enhance the anticancer activity of CDDP in a synergistic 
manner, suggesting that this drug may potentially be used in 
combination with CDDP to improve the therapeutic efficacy. 
It should be noted, however, that PAT is a strong emetic agent 
that may induce vomiting (42,43), and such an effect may limit 
its potential use as an anticancer agent in combination with 
CDDP, which is also known to cause nausea and vomiting. 
The mechanisms through which PAT enhanced the anticancer 
activity of CDDP are currently unclear. One possibility is 
that PAT-induced ROS generation (39,40) may increase the 
DNA damage induced by CDDP. Evidently, further investi-
gation is required to gain further insight into the underlying 

Figure 5. Effect of topotecan on cisplatin (CDDP)-induced γ-H2AX expres-
sion and cellular Pt content. (A) Western blot analysis of γ-H2AX expression 
induced by CDDP, topotecan and their combination as indicated. (B) Total 
intracellular Pt content in DLD-1 and NCI-H460 after 24 h incubation with 
CDDP with or without topotecan. Data are shown as the means ± SD (n=3 
experiments); N.S., not significant.
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mechanisms, which may serve as a basis for developing more 
effective CDDP sensitizers.

Topotecan [10-hydroxy-9-dimethylaminomethyl-(S)-
camptothecin] is an inhibitor of topoisomerase I, and has been 
used in the clinical treatment of ovarian, cervical and lung 
cancer. This compound exerts its cytotoxic effects by inhibiting 
the enzymatic complex DNA-topoisomerase I in the nucleus, 
thus blocking the normal DNA replication process (44,45). 
Previous studies have revealed that topotecan may potentiate 
the cytotoxic activity of CDDP, etoposide and paclitaxel in 
cervical cancer cell lines (46,47). The combination of CDDP 
and topotecan as a clinical regimen is based on the hypoth-
esis that the concomitant administration of these two agents 
is advantageous compared with either agent alone (48). This 
drug combination was approved by the FDA in 2006 for the 
treatment of patients with advanced-stage cervical carcinoma 
who were unsuitable for surgery or radiation therapy (49). Our 
unbiased cell-based screening identified topotecan as one 
of the top hits that synergistically enhanced the anticancer 
activity of CDDP in both lung and colon cancer cells. Further 
mechanistic analyses demonstrated that topotecan was able to 
enhance the number of DNA DSBs induced by CDDP, and 
inhibited the repair of DNA stand breaks after drug removal 
without affecting the intracellular Pt content.

In conclusion, the findings of this study suggest that the 
cell-based high-throughput screening of the FDA-approved 
drugs in combination with a major chemotherapeutic agent 
represents an effective strategy for the identification of 
synergistic drug combination regimens with feasibility to 
be translated into the clinical treatment of cancer patients. 
Further mechanistic studies of the identified drug combina-
tions may provide valuable new information to serve as a basis 
for developing more effective chemosensitizers and improve 
the clinical outcome for cancer patients.
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