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Abstract
Background: Small cell lung cancer (SCLC) is a highly aggressive disease with a poor
prognosis. Although most patients initially respond to topoisomerase inhibitors, resis-
tance rapidly emerges. The aim, therefore, is to overcome resistance to topoisomerase
I (irinotecan) or II (etoposide) inhibitors in SCLCs.
Methods: To identify key factors in the chemoresistance of SCLCs, we established four
cell lines resistant to etoposide or an active metabolite of irinotecan, SN-38, from
SCLC cell lines and evaluated RNA profiles using parental and newly established cell
lines.
Results: We found that the drug efflux protein, ATP-binding cassette sub-family B
member 1 (ABCB1), was associated with resistance to etoposide, and ATP-binding
cassette sub-family G member 2 (ABCG2) was associated with resistance to SN-38 by
RNA sequencing. The inhibition of ABCB1 or ABCG2 in each resistant cell line
induced synergistic apoptotic activity and promoted drug sensitivity in resistant SCLC
cells. The ABC transporter inhibitors, elacridar and tariquidar, restored sensitivity to
etoposide or SN-38 in in vitro and in vivo studies, and promoted apoptotic activity
and G2-M arrest in resistant SCLC cells.
Conclusions: ABC transporter inhibitors may be a promising therapeutic strategy for
the purpose of overcoming resistance to topoisomerase inhibitors in patients
with SCLC.
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INTRODUCTION

Small cell lung cancer (SCLC) is a highly aggressive disease
with a 5-year survival rate of less than 7%.1 Patients are
often diagnosed with extensive disease. Chemotherapy has a
major role in the treatment of patients with advanced SCLC
because of few molecular target therapies. Cisplatin com-
bined with a topoisomerase inhibitor, such as etoposide or
irinotecan, is standard chemotherapy for SCLC. DNA
topoisomerases are enzymes that induce DNA strand
recombination and cell proliferation following DNA strand
breakes.2 Type I and II enzymes cleave one and both DNA

strands, respectively. Topoisomerase inhibitors suppress
enzyme activities and inhibit cancer cell proliferation.
Etoposide is a type II inhibitor and irinotecan is a type I
inhibitor. Most patients respond initially to chemotherapy,
but resistance rapidly emerges.3 Recently, the IMpower133
study and CASPIAN phase III trials showed an overall sur-
vival benefit for atezolizumab and durvalumab combined
with standard platinum-etoposide chemotherapy in a first-
line SCLC setting.4–7 However, chemotherapy is still a key
therapy for SCLC even with the availability of combined
immunotherapy. Some SCLCs are intrinsically resistant to
chemotherapy and in virtually all cases even initial
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responders rapidly develop acquired resistance. A therapeutic
strategy to overcome chemoresistance is therefore required.

The resistance mechanisms of SCLC are unknown.
Unlike for non-small-cell lung cancer (NSCLC), a patient
with recurrent SCLC is rarely given a second biopsy because
of rapid progression, making research on the mechanism of
resistance using clinical specimens difficult.8 In this study,
we established topoisomerase inhibitor-resistant cells of
SCLC and analyzed differences between resistant and sensi-
tive cells to clarify the mechanism(s) involved in overcoming
resistance to topoisomerase inhibitors.

METHODS

Cell culture

We used 12 SCLC cell lines: SBC-3 and SBC-5 from the
Japanese Collection of Research Bioresources Cell Bank, H69,
H69AR, H719, H1048, H1105, H1417, DMS53, and H1882
from the American Type Culture Collection, and MS-1 and
Lu-139 from the Riken Cell Bank. SBC-3 and SBC-5 were
cultured in MEM-EAGLE medium (Sigma-Aldrich) with
10% fetal bovine serum (FBS; Biowest) and 1% penicillin/
streptomycin (Fujifilm Wako). H69AR was maintained in
RPMI-1640 (Fujifilm) with 20% FBS and 1% penicillin/strep-
tomycin. The other SCLC cell lines were maintained in
RPMI-1640 with 10% FBS and 1% penicillin/streptomycin.
These cell lines were obtained between 2008 and 2017 and
were routinely examined for the absence of mycoplasma.

Drugs and growth inhibition assay

Etoposide, SN-38, and tariquidar were purchased from
Selleck Chemicals (Houston). Elacridar was purchased from
Santa Cruz Biotechnologies. Topotecan was purchased from
Cayman Chemical. Cisplatin was purchased from Fujifilm
Wako. The effects of etoposide and SN-38 on SCLC cell lines
were assessed by tetrazolium (MTS) assay as previously
described.9–12 Cell suspensions (5000 or 10 000 cells/well)
were seeded into 96-well plates and increasing concentrations
of drugs or vehicle (dimethyl sulfoxide) added. After incuba-
tion at 37�C for 72 h, 10 μl of Cell Counting Kit-8 (Dojindo)
was added to each well and cells further incubated at 37�C
for 90min. After shaking the plate, absorbances were mea-
sured at a test wavelength of 450 nm using a microplate
reader (Infinite M200 PRO; Tecan Group Ltd). The IC50
value was defined as the concentration of etoposide or SN-38
needed for a 50% reduction in growth. All experiments were
independently repeated more than three times.

RNA isolation and sequencing

Total RNA was isolated from SCLC cell lines by TRIzol
reagent (Thermo Fisher Scientific) as previously described.11,13

The quantity of total RNA was determined using a NanoDrop
2000 Spectrophotometer (Thermo Scientific). RNA sequencing
of extracted RNA was conducted on a HiSeq 2500 platform
using paired-end reads (Illumina). Reads were aligned against
a reference human genome and compared with each cell line.
Total RNA (10–100 ng) was used to construct libraries using a
TruSeq RNA Kit (Illumina). Libraries were used for the gener-
ation of clustered flow cells on cBot using a TruSeq PE Cluster
Kit v2 (Illumina). Paired-end sequencing (75-bases) was per-
formed on a Genome Analyzer IIx sequencer using a TruSeq
SBS Kit v2 (Illumina). Illumina software was used for
processing image data into raw sequencing data (CLC Biomed-
ical Genomics Workbench; Qiagen).14 For RNA sequencing,
we mapped RNA reads using BaseSpace App: RNA–Seq
Alignment v2.0.1 (Illumina) with STAR and an hg38 refer-
ence15. RNA sequencing alignment data was analyzed by
RNA-Seq Differential Expression Ver 1.0.1 (Illumina). RNA
sequencing read counts were normalized to transcripts per
million for quantitative representation. We selected genes in a
sensitive/resistant comparison on the basis of a fold change of
>4. RNA sequencing data were deposited in a Sequence Read
Archive (SRA) database using the accession number,
PRJNA717912. Tumor RNA-sequencing had an average of 9
956 750 aligned reads (range 5 942 630–15 876 755; Table S1).
A custom bioinformatics pipeline was used to perform
sequence alignment, variant calling, and variant filtering.

Western blot

Protein samples of cells were lysed in buffer containing 50
mM Tris–HCl, pH 7.6, 150 mM NaCl, 0.1% sodium dodecyl
sulfate, 1% Nonidet P-40, and 0.5% sodium deoxycholate,
and western blotting was performed as previously
described.9,16 Quantification was achieved by densitometry
using ImageJ software (National Institutes of Health).

Membranes were incubated with the following anti-
bodies: Antibodies against ATP-binding cassette sub-family
G member 2 (ABCG2; #4477), phosphorylated-Cdc2 Tyr15
(p-Cdc2; #9111), phosphorylated-Chk1 Ser345 (p-Chk1;
#2348), cleaved poly ADP ribose polymerase (cleaved PARP;
#5625), topoisomerase I (TOP1; #79971), and topoisomerase
IIα (TOP2a; #12286) were purchased from Cell Signaling
Technology. Antibodies against ATP-binding cassette sub-
family B member 1 (ABCB1; #sc55510) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH; #sc47724) were pur-
chased from Santa Cruz Biotechnology.

Real-time quantitative reverse transcription-
polymerase chain reaction

TOP1 and TOP2a gene expressions were assessed by real-
time quantititive reverse transcription (qRT) -PCR using the
TaqMan Gene Expression Assay (Thermo Fisher Scientific).
The cDNA was utilized using THUNDERBIRD SYBR
qPCR/RT Set III (Toyobo) according to the manufacture’s
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instructions. Gene expression levels were calculated using
the 2-ΔΔCt method.

Oligonucleotide transfection

Small interfering RNAs (siRNAs) targeting ABCB1, ABCG2,
and negative controls were purchased from Ambion: ABCB1
(ID: s10420), ABCG2 (ID: s18057), homologous negative
controls (#4390844). After cell seeding, siRNAs of ABCB1
and ABCG2 were transfected using Lipofectamine 2000
reagent according to the manufacturer’s instructions (Life
Technologies). Small interfering RNA complexes were trans-
fected into cells at a final concentration of 40 nM. The trans-
fection medium was replaced 24 h later and cells were then
incubated at 37�C for 48 h, with or without drugs.

Colony formation assay

Cells were seeded (1� 104 cells/well) in six-well plates with
transfections of siRNA complexes at a final concentration of
40 nM and incubated overnight. The medium was changed and
cells were incubated with 4 μM etoposide or 0.04 μM SN-38 for
10–14 days at 37�C. Colonies were stained with 10% Micros-
copy Giemsa’s azur eosin methylene blue solution (Merck) for
60min at room temperature after washing with methanol and
phosphate buffered saline (PBS), and colonies counted.

Annexin V assay

Cells (4� 105 cells/well) were seeded onto six-well plates in
medium containing 5 μM etoposide or 0.05 μM SN-38, with
or without 2 μM elacridar or 1 μM tariquidar, and incubated
at 37�C in 5% CO2. After 72 h of incubation, cells were
trypsinized, collected, and stained with fluorescein isothio-
cyanate (FITC)-conjugated annexin V and propidium iodide
(PI) using an apoptosis detection kit (Nacalai Tesque Inc.)
according to the manufacturer’s protocol as previously pre-
scribed.17 The cells were analyzed on a BD FACSVerse flow
cytometer (10 000 events per sample; BD Bioscience). Fluo-
rescence compensation and analysis were performed with
Flow Jo software (BD Bioscience). The percentage of total
apoptotic cells, which were both Annexin V positive and
Annexin V/PI double positive cells, was calculated. Each
experiment was performed independently three times.

Cell cycle analysis

Cells were seeded (5� 105 cells/well) onto six-well plates,
with or without drugs, in medium containing 5 μM
etoposide or 0.05 μM SN-38, with or without 2 μM elacridar
or 1 μM tariquidar, and incubated at 37�C in 5% CO2. After
24 h, cells were trypsinized, fixed, and stained using a FITC
BrdU Flow Kit (BD Bioscience) according to the

manufacturer’s protocol. Before analysis, cells were incu-
bated with 0.3 μg/μL of DNase A for 60 min at 37�C. Finally,
cells were stained with 7-aminoactinomysin D and washed
in staining buffer (PBS, 3% FBS, and 2 mM EDTA). Stained
cells were analyzed on a BD FACSVerse flow cytometer (10
000 events per sample). The percentage of cells in each cell
cycle phase was determined using a cell-cycle module within
FlowJo software. Each experiment was performed indepen-
dently three times.

Drug efflux assay

Drug transport mediated by ABCB1 or ABCG2 was
examined using a flow cytometry efflux assay as previ-
ously described.18,19 Trypsinized cells were resuspended in
medium containing 0.1 mg/mL rhodamine 123 or 5 μM
mitoxantrone, in the presence or absence of 2 μM elacridar
or 1 μM tariquidar, and incubated for 30 min at 37�C in 5%
CO2. Cells were then washed, resuspended in staining
buffer, and placed on ice until analyzed. Samples were ana-
lyzed by a BD FACSVerse flow cytometer (10 000 events
per sample). Rhodamine 123 and mitoxantrone fluorescence
were detected by a 488-nm argon laser with 530-nm ban-
dpass filter, and a 633-nm HeNe laser with 660-nm ban-
dpass filter, respectively. Data analysis was performed using
FlowJo software. Right-shifting of histograms of fluores-
cence intensity represented the inhibition of efflux through
corresponding ABC transporters.

Treatment of chemoresistant xenografts

Six-week-old male BALB/cAJcl nu/ nu mice were obtained
from Clea Japan. SBC-3/VR (1� 107) or SBC-3/SR (1� 107)
cells were injected subcutaneously in the flanks of mice.
When tumors became measurable, mice were randomly
assigned to the following three groups: vehicle; topoisomerase
inhibitors etoposide or irinotecan (Nippon Kayaku), or topo-
isomerase inhibitors plus elacridar. Etoposide (8 mg/kg) was
intraperitoneally administered to mice bearing SBC-3/VR
xenografts on days 1 to 3 weekly. Irinotecan (60mg/kg) was
intravenously administered to mice bearing SBC-3/SR xeno-
grafts on days 1 to 3 weekly. Elacridar was orally adminis-
tered at 40mg/kg on days 1 to 5 weekly. The evaluation was
estimated as the ratio of tumor growth compared with vehicle
and etoposide or irinotecan alone in vivo. Tumor volume (V)
was calculated using the following formula: V = length�
(width)2/2. Experimental protocols were approved (approval
number, 2020-072) by the Animal Care and Use Committee
of Nippon Medical School, Tokyo, Japan.

Statistical analysis

A standard Student’s t-test was used to compare experimen-
tal data with a control group. All p values were two-sided
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and the statistical significance was set at <0.05. Analyses
were performed using SPSS statistical software, SPSS
(ver. 25).

RESULTS

Identification of sensitive and resistant cell lines
using the key anticancer drugs etoposide and
SN-38

We used two topoisomerase inhibitors, etoposide and SN-
38, an active metabolite of irinotecan, and evaluated their
anticancer effect on 12 SCLC cell lines by MTS assay. We
identified 10 sensitive and two resistant cell lines according
to their half-maximal inhibitory concentrations (IC50;
Figure 1(a),(b)). “Resistant” cells were defined by the cut-off
according to serum Cmax pharmacokinetics (7.49 μM
etoposide and 0.045 μM SN-38).20,21 H69AR and MS-1 cells

were classified as intrinsically resistant to etoposide and SN-
38. We next evaluated protein expression levels and mRNA
levels of TOP1 and TOP2a (Figures 1(c) and S1). No corre-
lation was found between sensitivity to topoisomerase inhib-
itors and the protein expression of TOP1 and TOP2a
(p = 0.19, 0.35).

Establishment of topoisomerase
inhibitor-resistant cells and identification
of genes associated with resistance

To clarify the mechanism of resistance to topoisomerase
inhibitors, we established SCLC cells resistant to etoposide
or SN-38. We did this using SBC-3 and SBC-5 cell lines
that were initially sensitive to topoisomerase inhibitors
but became resistant with continuous exposure to increas-
ing concentrations of drugs for 6–8 months and subse-
quent subcloning. We established four etoposide-resistant

F I G U R E 1 Half-maximal inhibitory concentrations (IC50) for etoposide and SN-38, and protein expression in small cell lung cancer (SCLC) cell lines.
IC50 values for etoposide (a) and SN-38 (b) in SCLC cells were determined by tetrazolium (MTS) assay to identify sensitive and resistant cells. There were no
significant differences between sensitive and resistant cells (p = 0.46, 0.35, respectively). (c) Protein expression levels in SCLC cells were evaluated by western
blot analysis. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TOP, topoisomerase
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cell subclones, termed SBC-3/VR A, B, and SBC-5/VR A, B,
using etoposide concentrations up to 4 μM, and four SN-
38-resistant cell subclones, termed SBC-3/SR A, B, and
SBC-5/SR A, B, using SN-38 concentrations up to 0.04 μM
(Figure 2(a)–(d)).

We next performed RNA sequencing to identify key mole-
cules associated with resistance to etoposide and SN-38 using
two parental and four resistant cell lines. The cut-off was over
four times for resistant compared to parental sensitive lines in
both SBC-3 and SBC-5 cell lines. Thirty-seven and 60 genes in
response to etoposide and SN-38, respectively, were induced
(Figure 2(e) and Table S2). No fusion genes expressed in both
SBC-3 and SBC-5 resistant cell lines were found (Table S3).

RTN1, SPP1, CSMD3, and FST associated with neuroendocrine
features, resistance to mTOR inhibitors, resistance to etoposide
in SCLC, and a diagnostic biomarker of SCLC, respectively,
were included (Table S2).9,22–24 We found ABCB1 was over-
expressed in etoposide-resistant cells and ABCG2 was over-
expressed in SN-38-resistant cells compared with parental cells
in both SBC-3 and SBC-5 cell lines.

We evaluated ABCB1, ABCG2, TOP1, and TOP2 pro-
tein expression in parental and resistant cells by western
blotting (Figures 2(f) and S2). All subclones resistant to
etoposide showed high ABCB1 expression and all resistant
subclones to SN-38 showed high ABCG2 expression. When-
ever TOP2a expression was decreased in etoposide-resistant

F I G U R E 2 Establishment of etoposide and SN-38 resistant small cell lung cancer (SCLC) cells. (a–d) tetrazolium (MTS) assay with topoisomerase
inhibitors in established etoposide and SN-38 resistant SCLC cells. We established two etoposide and SN-38 resistant SBC-3 and SBC-5 sublines (SBC-3/VR
A, B, SBC-5/VR A, B, SBC-3/SR A, B, SBC-5/SR A, B) by continuous exposure to increasing concentrations of etoposide and SN-38. (e) RNA sequencing data
(etoposide and SN-38 resistant SCLC cells compared to sensitive parental cells). The cut-off was over four times for resistant compared to parental sensitive
lines in both SBC-3 and SBC-5 cell lines. Thirty-seven and 60 genes in response to etoposide and SN-38, respectively, were induced. ATP-binding cassette
sub-family B member 1 (ABCB1) was overexpressed in etoposide-resistant cells and ATP-binding cassette sub-family G member 2 (ABCG2) was
overexpressed in SN-38-resistant cells compared with parental cells for both SBC-3 and SBC-5 cell lines (Table S1). (f) Protein expression of etoposide and
SN-38 resistant cells. Whenever the subclones resistant to etoposide showed high ABCB1 expression, the two subclones resistant to SN-38 showed high
ABCG2 expression. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TOP, topoisomerase. *p < 0.05 compared to parental cells
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cells, TOP1 was not decreased in SN-38-resistant cells. We
performed MTS assays to assess the sensitivity of etoposide-
resistant cells to SN-38 since this was also a substrate of
ABCB1, as with etoposide, and showed that etoposide-
resistant cells tended to be resistant to SN-38 (Figure S3). In
addition, we performed MTS assays with topotecan, a topo-
isomerase inhibitor used for the treatment of SCLC, and
confirmed that SN-38-resistant cells were resistant to
topotecan (Figure S4).

Inhibition of ABC transporters overcame
resistance to topoisomerase inhibitors

We next evaluated whether silencing ABCB1 or ABCG2
overcame the resistance to topoisomerase inhibitors. Follow-
ing transfection with siRNAs, SBC-3/VR and SBC-5/VR
cells displayed increased sensitivity to etoposide relative to
siRNA controls (Figure 3(a),(b)). Following transfection
with siRNAs, SBC-3/SR and SBC-5/SR cells also displayed a

recovery of sensitivity to SN-38 (Figure 3(c),(d)). The
clonogenic response to topoisomerase inhibitors of resistant
cells following transfection with siRNAs was significantly
greater than that with siRNA controls (Figure S5). The inhi-
bition of ABC transporters by siRNAs combined with topo-
isomerase inhibitors synergistically induced cleaved PARP
expression to show apoptotic activity in resistant cells
(Figures 3(e) and S6(a)–(d)). TOP1 protein levels were
decreased by the inhibition of ABC transporters by siRNAs
combined with topoisomerase inhibitor, but TOP2a protein
levels remained unchanged (Figures 3(e) and S6(a)–(d)).

We next examined the effect of ABCB1 and ABCG2
inhibitors. In the MTS assay, we showed recovery of sensi-
tivity of cells to topoisomerase inhibitors with or without
cisplatin by elacridar and tariquidar (Figures 4(a)–(d) and
S7). We also examined the function of ABCB1 and ABCG2
inhibitors by drug efflux assay. Histograms of untreated
control cells (red) and cells exposed to only rhodamine123
or mitoxantrone (blue) are shown. Orange and green indi-
cate histograms obtained after treatment with elacridar and

F I G U R E 3 Increased sensitivity and induction of apoptosis by the inhibition of ATP-binding cassette sub-family B member 1 (ABCB1) or ATP-binding
cassette sub-family G member 2 (ABCG2). (a–d) tetrazolium (MTS) assays showing ABCB1 or ABCG2 inhibition. SBC-3/VR, SBC-5/VR, SBC-3/SR, and
SBC-5/SR cells following transfection with small interfering (si)RNAs displayed increased sensitivity to etoposide and SN-38 relative to siRNA controls.
(e) Protein expression in resistant cells by the inhibition of ABC transporters using siRNAs combined with topoisomerase inhibitors. The inhibition of ABC
transporters by siRNA combined with topoisomerase inhibitors synergistically induced apoptosis in resistant cells. Whenever the expression of ABCB1 and
ABCG2 was decreased, the expression of cleaved PARP increased. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, negative control; PARP, poly
ADP ribose polymerase; siABCB1, small interfering RNA to ABCB1; siABCG2, small interfering RNA to ABCG2; siNC, small interfering RNA to negative
control; TOP, topoisomerase. *p < 0.05 compared to control cells
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tariquidar, respectively. A right shift of the latter compared
to the blue histogram represents the inhibition of efflux
through corresponding ABC transporters. The transport of
rhodamine123, an ABCB1 substrate, and mitoxantrone, an
ABCG2 substrate, tended to be inhibited by elacridar and tar-
iquidar (Figure 4(e)). After 72 h of incubation with drugs, we
isolated proteins from resistant cells and evaluated protein
expression by western blotting. Proteins associated with apo-
ptosis (cleaved PARP) and G2-M cell cycle arrest (p-Chk1
and p-Cdc2) were increased in cells resistant to etoposide or
SN-38 after treatment with elacridar (Figures 4(f) and S8).
Flow cytometry revealed that cells cultured with ABCB1 and
ABCG2 inhibitors, elacridar or tariquidar, could undergo
apoptosis and G2-M cell cycle arrest (Figures 4(g)–(n) and S9
(a)–(d)). To confirm the effect of ABC transporter inhibitors,
we established SBC-3/VR and SBC-3/SR xenograft models
and treated these with or without elacridar. Combination
therapy of etoposide or irinotecan and elacridar tended to
inhibit tumor growth compared with vehicle and etoposide
or irinotecan alone in vivo (Figure S10).

DISCUSSION

We established etoposide-resistant SCLC cell sublines (SBC-
3/VR and SBC-5/VR) and SN-38-resistant SCLC cell sublines
(SBC-3/SR and SBC-5/SR). Notably, ABCB1 and ABCG2
were the most upregulated genes in resistant cells compared
with parental cells, respectively, as determined by RNA
sequencing (Table S2 and Figure 2(e)). Silencing of ABCB1
and ABCG2 expression by siRNA or the inhibitors, elacridar
and tariquidar, recovered the sensitivity of cells to topoisom-
erase inhibitors such as etoposide and SN-38. Elacridar and
tariquidar also promoted apoptosis by increased G2-M arrest.

In RNA sequence data, ABC transporter expression was
significantly higher than that of other genes, including RTN1,
SPP1, CSMD3, and FST, associated with neuroendocrine fea-
tures, resistance to mTOR inhibitors, resistance to etoposide
in SCLC, and a diagnostic biomarker of SCLC. We therefore
analyzed ABC transporters in resistant cells to reveal the

relationship between sensitivity and ABC transporters. An
expected resistance mechanism to topoisomerase inhibitors
was in the activity or mutation of topoisomerase I.25,26 We
found the correlation between the protein expression of topo-
isomerase and sensitivity was small in SCLC cell lines. In
resistant cell lines, high ABC transporter expression pro-
moted topoisomerase inhibitor efflux. Whenever inhibition
of ABCG2 promoted sensitivity to SN-38 with slight TOP1
downregulation and apoptosis via G2-M arrest, ABCB1 inhi-
bition promoted sensitivity to etoposide without TOP2a
downregulation and apoptosis via G2-M arrest. No associa-
tion was found between topoisomerase expression and sensi-
tivity to topoisomerase inhibitor.

Other mechanisms involved in resistance to topoisomer-
ase inhibitors were degradation of carboxylesterase and the
extensive expression or mutation of efflux function.27 How-
ever, the resistance mechanism of SCLC is not clear.
Etoposide is a substrate of ABCB1 and etoposide-resistant
cells indicated high expression of ABCB1. SN-38 is a sub-
strate of ABCG2 and ABCB1 but SN-38-resistant cells did
not indicate high expression of ABCB1.

In previous studies, relationships between prognosis or
multidrug resistance and protein or gene expression of ABC
transporters in SCLC human tissue were investigated.
According to a systematic review by Knez et al., 10 studies that
included nine to 61 patients in each study described how high
expression of the ABCB1 protein or gene was associated with a
poor chemotherapy response rate.28–36 The largest study by
Kim et al., which included 130 patients, found ABCB1 protein
expression had no association with chemotherapy response rate
or prognosis.37 With respect to relapsed patients with SCLC,
Triller et al. found the ABCB1 protein expression levels of four
out of five such patients increased.28,30 Savaraj et al. described
how the ABCB1 gene level was increased in five out of seven
relapsed patients with SCLC.28 In comparison, ABCG2 protein
expression was associated with a chemotherapy response and
progression-free survival in a study by Kim et al. of
130 patients.29 Rijavec et al. reported in a study of 14 patients
that low ABCG2 mRNA expression levels were related to lon-
ger overall survival.38 Whether the protein or gene expression

F I G U R E 4 Inhibition of ABC transporters overcame resistance to topoisomerase inhibitors. (a–d) Use of the ABC transporter inhibitors elacridar and
tariquidar led to a recovery of sensitivity to topoisomerase inhibitors as shown by tetrazolium (MTS) assay. (e) ABC transporter inhibitors inhibited drug
efflux in topoisomerase inhibitor-resistant cells. Transport of rhodamine123, an ATP-binding cassette sub-family B member 1 (ABCB1) substrate, and
mitoxantrone, an ATP-binding cassette sub-family G member 2 (ABCG2) substrate, tended to be inhibited by elacridar and tariquidar. Histograms of
untreated control cells are shown in red and cells treated with rhodamine123 or mitoxantrone are shown in blue, while orange and green indicate histograms
obtained after treatment of cells with elacridar and tariquidar, respectively. A right shift in the latter compared to the blue histogram represents the inhibition
of efflux through corresponding ABC transporters. (f) ABC transporter inhibitors promoted apoptosis via G2-M arrest. The expression of proteins in
resistant cells incubated with drugs was evaluated by western blot analysis. The expression of proteins associated with apoptosis (cleaved PARP) and G2-M
cell-cycle arrest (phosphorylated-Chk1 [p-Chk1] and phosphorylated-Cdc2 [p-Cdc2]) was increased in resistant cells with etoposide or SN-38 after treatment
with elacridar. (g–j) ABC transporter inhibitors promoted apoptosis in topoisomerase inhibitor-resistant cells. The promotion of apoptosis by drugs was
evaluated by flow cytometry. Resistant cells incubated with elacridar or tariquidar and topoisomerase inhibitors promoted apoptosis. (k–n) ABC transporter
inhibitors promoted G2-M arrest in topoisomerase inhibitor-resistant cells. The promotion of G2-M arrest by drugs was evaluated by flow cytometry.
Resistant cells incubated with elacridar or tariquidar and topoisomerase inhibitors promoted G2-M arrest. Chk1, checkpoint kinase 1; ELA, elacridar;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, normal control; PARP, poly ADP ribose polymerase; TAR, tariquidar. *p < 0.05 compared to
control cells
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levels of ABC transporters in patients with SCLC were associ-
ated with prognosis or multidrug resistance remained
unconfirmed. It is difficult, especially in SCLC, to collect and
analyze relapse or chemoresistant samples, suggesting it may be
necessary to collect and analyze liquid biopsies for further
investigation on SCLC human samples.

ABCB1 and ABCG2 belong to the family of ABC trans-
porter proteins, which are energy-dependent and normally
function in the detoxification and protection of normal cells
from xenobiotics.39 Increased ABC transporter expression is
considered a significant cause of multidrug resistance to che-
motherapy for various cancers.40–42 We have shown that
ABCB1 was associated with resistance to MET inhibitors in
NSCLC.10 ABCB1 is also associated with cancer stem cell
(CSC) properties10; several markers, such as CD44, SOX2,
and ALDH1, are possible CSC markers in SCLC.43 However,
in our study, these markers were not upregulated in resistant
cells as shown by RNA sequencing (Table S2). Although it
was hypothesized ABC transporter inhibitors may recover
the drug sensitivity of resistant tumors and considering many
inhibitors have been developed, no clinical trials have shown
the efficacy of ABC transporter inhibitors against cancers.
Elacridar and tariquidar inhibited both ABCB1 and ABCG2.
A phase I study demonstrated how elacridar combined with
oral topotecan resulted in the complete apparent oral bio-
availability of topotecan.44 Phase I studies of tariquidar in
combination with vinorelbine, paclitaxel or doxorubicin
showed no significant side effects or pharmacokinetic interac-
tions.45 However, two large phase III trials of tariquidar com-
bined with first-line chemotherapy for patients with NSCLC
closed early due to toxicity, meaning dose modification was
required.39

In conclusion, we found that ABCB1 and ABCG2 were
involved in acquired resistance to the topoisomerase inhibi-
tors, etoposide and SN-38, in SCLC cells. The inhibition of
ABC transporters has not proven to be effective in cancers
until now. However, no effective chemotherapies against
recurrent SCLC currently exist and further investigations on
the inhibition of ABC transporters can potentially be pivotal
in the treatment patients with SCLC. Clinical trials of plati-
num plus etoposide or irinotecan combined with ABC
transporter inhibitors in patients with SCLC are necessary.

ACKNOWLEDGMENTS
We thank Mr Ota (Illumina K.K., Tokyo, Japan) for his
excellent technical assistance. This study was supported a
Clinical Rebiopsy Bank Project for Comprehensive Cancer
Therapy Development (to A. Gemma and M. Seike). This
research was funded in part by a grant-in-aid from
the Ministry of Education, Culture, Sports, Science, and
Technology of Japan (grant 16 K09561 to R. Noro) (grant
16 K09592 to M. Seike).

CONFLICT OF INTEREST
M. Seike has received a commercial research grant and hon-
oraria from Nippon Kayaku Co., Ltd and A. Gemma
received speakers’ bureau honoraria from Daiichi Sankyo

Co., Ltd and technical guidance fees from Nippon Kayaku
Co., Ltd. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data, in the
writing of the manuscript, or in the decision to publish the
results. The other authors have no conflicts of interest to
declare.

DATA AVAILABILITY STATEMENT
All data generated or analyzed during this study are
included in this published article and its Supporting Infor-
mation files. RNA sequencing data have been deposited in
an SRA database with the accession number PRJNA717912.

ORCID
Miwako Omori https://orcid.org/0000-0001-7342-2026
Rintaro Noro https://orcid.org/0000-0003-4912-4138
Akihiko Miyanaga https://orcid.org/0000-0003-2026-9181

REFERENCES
1. Karachaliou N, Pilotto S, Lazzari C, Bria E, de Marinis F, Rosell R.

Cellular and molecular biology of small cell lung cancer: an overview.
Transl Lung Cancer Res. 2016;5:2–15.

2. Delgado JL, Hsieh CM, Chan NL, Hiasa H. Topoisomerases as anti-
cancer targets. Biochem J. 2018;475:373–98.

3. Noda K, Nishiwaki Y, Kawahara M, Negoro S, Sugiura T,
Yokoyama A, et al. Japan clinical oncology group. Irinotecan plus cis-
platin compared with etoposide plus cisplatin for extensive small-cell
lung cancer. N Engl J Med. 2002;346:85–91.

4. Mansfield AS, Każarnowicz A, Karaseva N, S�anchez A, de Boer R,
Andric Z, et al. Safety and patient-reported outcomes of atezolizumab,
carboplatin, and etoposide in extensive-stage small-cell lung cancer
(IMpower133): a randomized phase I/III trial. Ann Oncol. 2020;31:
310–7.

5. Liu SV, Reck M, Mansfield AS, Mok T, Scherpereel A, Reinmuth N,
et al. Updated overall survival and PD-L1 subgroup analysis of
patients with extensive-stage small-cell lung cancer treated with
atezolizumab, carboplatin, and etoposide (IMpower133). J Clin Oncol.
2021;39:619–30.

6. Horn L, Mansfield AS, Szczęsna A, Havel L, Krzakowski M,
Hochmair MJ, et al. IMpower133 study group. First-line atezolizumab
plus chemotherapy in extensive-stage small-cell lung cancer. N Engl J
Med. 2018;6(379):2220–9.

7. Paz-Ares L, Dvorkin M, Chen Y, Reinmuth N, Hotta K, Trukhin D,
et al. Durvalumab plus platinum-etoposide versus platinum-etoposide
in first-line treatment of extensive-stage small-cell lung cancer
(CASPIAN): a randomised, controlled, open-label, phase 3 trial.
CASPIAN investigators. Lancet. 2019;394:1929–39.

8. Pietanza MC, Byers LA, Minna JD, Rudin CM. Small cell lung cancer:
will recent progress lead to improved outcomes? Clin Cancer Res.
2015;21:2244–55.

9. Matsumoto M, Seike M, Noro R., Soeno C., Sugano T., Takeuchi S.,
et al. Control of the MYC-eIF4E axis plus mTOR inhibitor treatment
in small cell lung cancer. BMC Cancer 2015; 15: 241.

10. Sugano T, Seike M, Noro R, Soeno C, Chiba M, Zou F, et al. Inhibition
of ABCB1 overcomes cancer stem cell-like properties and acquired
resistance to MET inhibitors in non-small cell lung cancer. Mol Can-
cer Ther. 2015;14:2433–40.

11. Takahashi A, Seike M, Chiba M, Takahashi S, Nakamichi S,
Matsumoto M, et al. Ankyrin repeat domain 1 overexpression is asso-
ciated with common resistance to afatinib and osimertinib in EGFR-
mutant lung cancer. Sci Rep. 2018;8:14896.

12. Kitamura K, Seike M, Okano T, Matsuda K, Miyanaga A, Mizutani H,
et al. MiR-134/487b/655 cluster regulates TGF-β-induced epithelial-
mesenchymal transition and drug resistance to gefitinib by targeting

2150 OMORI ET AL.

https://orcid.org/0000-0001-7342-2026
https://orcid.org/0000-0001-7342-2026
https://orcid.org/0000-0003-4912-4138
https://orcid.org/0000-0003-4912-4138
https://orcid.org/0000-0003-2026-9181
https://orcid.org/0000-0003-2026-9181


MAGI2 in lung adenocarcinoma cells. Mol Cancer Ther. 2014;13:
444–53.

13. Seike M, Yanaihara N, Bowman ED, Zanetti KA, Budhu A,
Kumamoto K, et al. Use of a cytokine gene expression signature in
lung adenocarcinoma and the surrounding tissue as a prognostic clas-
sifier. J Natl Cancer Inst. 2007;99:1257–69.

14. Miyanaga A, Masuda M, Tsuta K, Kawasaki K, Nakamura Y,
Sakuma T, et al. Hippo pathway gene mutations in malignant meso-
thelioma: revealed by RNA and targeted exon sequencing. J Thorac
Oncol. 2015;10:844–51.

15. McPherson A, Hormozdiari F, Zayed A, Giuliany R, Ha G, Sun MGF,
et al. deFuse: an algorithm for gene fusion discovery in tumor RNA-
Seq data. PLoS Comput Biol. 2011;7:e1001138.

16. Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa I,
et al. MiR-21 is an EGFR-regulated anti-apoptotic factor in lung can-
cer in never-smokers. Proc Natl Acad Sci USA. 2009;106:12085–90.

17. Tanaka T, Saito Y, Matsuda K, Kamio K, Abe S, Kubota K, et al.
Cyclic mechanical stretch-induced oxidative stress occurs via a NOX-
dependent mechanism in type II alveolar epithelial cells. Respir Phy-
siol Neurobiol. 2017;242:108–16.

18. Robinson AN, Tebase BG, Francone SC, Huff LM, Kozlowski H,
Cossari D, et al. Coexpression of ABCB1 and ABCG2 in a cell line
model reveals both independent and additive transporter function.
Drug Metab Dispos. 2019;47:715–23.

19. Robey RW, Steadman K, Polgar O, Morisaki K, Blayney M, Mistry P,
et al. Pheophorbide a is a specific probe for ABCG2 function and inhi-
bition. Cancer Res. 2004;64:1242–6.

20. Interview form of Lastet®S Cap. Available online: https://mink.
nipponkayaku.co.jp/product/di/in_file/sedi_lasc_in.pdf (archived on
2 2018). [Published in Japanese]

21. Interview form of TOPOTECIN® INTRAVENOUS DRIP INFUSION.
Available online: https://www.medicallibrary-dsc.info/di/topotecin/
pdf/if_top_inj_2102_17.pdf (archived on 2 2021). [Published in
Japanese]

22. Qiu Z, Lin A, Li K, Lin W, Wang Q, Wei T, et al. A novel mutation
panel for predicting etoposide resistance in small-cell lung cancer.
Drug Des Devel Ther. 2019;13:2021–41.

23. van de Velde HJ, Senden NH, Roskams TA, Broers JL, Ramaekers FC,
Roebroek AJ, et al. NSP-encoded reticulons are neuroendocrine
markers of a novel category in human lung cancer diagnosis. Cancer
Res. 1994;54:4769–76.

24. Zhang P, Ruan Y, Xiao J, Chen F, Zhang X. Association of serum
follistatin levels with histological types and progression of tumor in
human lung cancer. Cancer Cell Int. 2018;18:162.

25. Meisenberg C, Ward SE, Schmid P, El-Khamisy SF. TDP1/TOP1 ratio
as a promising indicator for the response of small cell lung cancer to
Topotecan. Cancer Sci Ther. 2014;6:258–67.

26. Ohashi N, Fujiwara Y, Yamaoka N, Katoh O, Satow Y, Yamakido M.
No alteration in DNA topoisomerase I gene related to CPT-11 resis-
tance in human lung cancer. Jpn J Cancer Res. 1996;87:1280–7.

27. Kojima A, Hackett NR, Crystal RG. Reversal of CPT-11 resistance of
lung cancer cells by adenovirus-mediated gene transfer of the human
carboxylesterase cDNA. Cancer Res. 1998;58:4368–74.

28. Knez L, Sodja E, Kern I, Košnik M, Cufer TA. Predictive value of
multidrug resistance proteins, topoisomerases II and ERCC1 in small
cell lung cancer: a systematic review. Lung Cancer. 2011;72:271–9.

29. Ushijima R, Takayama K, Izumi M, Harada T, Horiuchi Y, Uchino J,
et al. Immunohistochemical expression of MRP2 and clinical resis-
tance to platinum-based chemotherapy in small cell lung cancer. Anti-
cancer Res. 2007;27:4351–8.

30. Triller N, Korošec P, Kern I, Košnik M, Debeljak A. Multidrug resis-
tance in small cell lung cancer: expression of P-glycoprotein,
multidrug resistance protein 1 and lung resistance protein in chemo-
naive patients and in relapsed disease. Lung Cancer. 2006;54:235–40.

31. Yeh JJ, Hsu NY, Hsu WH, Tsai CH, Lin CC, Liang JA. Comparison of
chemotherapy response with P-glycoprotein, multidrug resistance-
related protein 1 and lung resistance-related protein expression in
untreated small cell lung cancer. Lung. 2005;183:177–83.

32. Yeh JJ, Hsu WH, Huang WT, Wang JJ, Ho ST, Kao A. Technetium-
99m tetrofosmin SPECT predicts chemotherapy response in small cell
lung cancer. Tumor Biol. 2003;24:151–5.

33. Hsia TC, Lin CC, Wang JJ, Ho ST, Kao A. Relationship between che-
motherapy response of small cell lung cancer and P-glycoprotein or
multidrug resistance-related protein expression. Lung. 2002;180:
173–9.

34. Shiau YC, Tsai SC, Wang JJ, Ho YJ, Ho ST, Kao CH. To predict che-
motherapy response using technetium-99m tetrofosmin and compare
with p-glycoprotein and multidrug resistance related protein-1 expres-
sion in patients with untreated small cell lung cancer. Cancer Lett.
2001;169:181–8.

35. Kao A, Shiun SC, Hsu NY, Sun SS, Lee CC, Lin CC. Technetium-99m
metoxyisobutylisonitrile chest imaging for small cell lung cancer. Ann
Oncol. 2001;12:1561–6.

36. Kawasaki M, Nakanishi Y, Kuwano K, Takayama K, Kiyohara C,
Hara N. Immunohistochemically detected p53 and P-glycoprotein
predict the response to chemotherapy in lung cancer. Eur J Cancer.
1998;34:1352–7.

37. Kim YH, Ishii G, Goto K, Ota S, Kubota K, Murata Y, et al. Expres-
sion of breast cancer resistance protein is associated with poor clinical
outcome in patients with small-cell lung cancer. Lung Cancer. 2009;
65:105–11.

38. Rijavec M, Šilar M, Trillar N, et al. Expressions of topoisomerase IIα
and BCRP in metastatic cells are associated with overall survival in
small cell lung cancer patients. Pathol Oncol Res. 2011;17:691–6.

39. Tamaki A, Ierano C, Szakacs G, Robey RW, Bates SE. The controver-
sial role of ABC transporters in clinical oncology. Essays Biochem.
2011;50:209–32.

40. Holohan C, Van Schaeybroeck S, Longley DB, Johnson PG. Cancer drug
resistance: an evolving paradigm. Nat Rev Cancer. 2013;13:714–26.

41. Adamska A, Falasca M. ATP-binding cassette transporters in progres-
sion and clinical outcome of pancreatic cancer: what is the way for-
ward? World J Gastroenterol. 2018;24:3222–38.

42. Stefan SM. Multi-target ABC transporter modulators: what next and
where to go? Future Med Chem. 2019;11:2353–8.

43. Codony-Servat J, Verlicchi A, Rosell R. Cancer stem cells in small cell
lung cancer. Transl Lung Cancer Res. 2016;5:16–25.

44. Kuppens I, Witteveen E, Jewell R, et al. A phase I, randomized, open-
label, parallel-cohort, dose-finding study of elacridar (GF120918) and
oral topotecan in cancer patients. Clin Cancer Res. 2007;13:3276–85.

45. Abraham J, Edgerly M, Wilson R, Chen C, Rutt A, Bakke S, et al. A
phase I study of the P-glycoprotein antagonist tariquidar in combina-
tion with vinorelbine. Clin Cancer Res. 2009;15:3574–82.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Omori M, Noro R, Seike M,
Matsuda K, Hirao M, Fukuizumi A, et al. Inhibitors
of ABCB1 and ABCG2 overcame resistance to
topoisomerase inhibitors in small cell lung cancer.
Thorac Cancer. 2022;13(15):2142–51. https://doi.org/
10.1111/1759-7714.14527

OMORI ET AL. 2151

https://mink.nipponkayaku.co.jp/product/di/in_file/sedi_lasc_in.pdf
https://mink.nipponkayaku.co.jp/product/di/in_file/sedi_lasc_in.pdf
https://www.medicallibrary-dsc.info/di/topotecin/pdf/if_top_inj_2102_17.pdf
https://www.medicallibrary-dsc.info/di/topotecin/pdf/if_top_inj_2102_17.pdf
https://doi.org/10.1111/1759-7714.14527
https://doi.org/10.1111/1759-7714.14527

	Inhibitors of ABCB1 and ABCG2 overcame resistance to topoisomerase inhibitors in small cell lung cancer
	INTRODUCTION
	METHODS
	Cell culture
	Drugs and growth inhibition assay
	RNA isolation and sequencing
	Western blot
	Real-time quantitative reverse transcription-polymerase chain reaction
	Oligonucleotide transfection
	Colony formation assay
	Annexin V assay
	Cell cycle analysis
	Drug efflux assay
	Treatment of chemoresistant xenografts
	Statistical analysis

	RESULTS
	Identification of sensitive and resistant cell lines using the key anticancer drugs etoposide and SN-38
	Establishment of topoisomerase inhibitor-resistant cells and identification of genes associated with resistance
	Inhibition of ABC transporters overcame resistance to topoisomerase inhibitors

	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


