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Summary
Objective The objective of this study was to evaluate the antitumor effects of lurbinectedin on cervical cancer with a special focus
on its effects on cancer stem cells (CSCs).Methods Using two cervical cell lines (ME180 and CaSki cells), the antitumor effects
of lurbinectedin were assessed in vitro using the MTS assay and colony formation assay. The growth inhibitory effects of
paclitaxel and cisplatin were also evaluated as controls. By employing ALDH1 activity as a marker of CSCs, the antitumor
effects of lurbinectedin on cervical CSCs and non-CSCs were individually evaluated. Finally, we investigated the mechanisms by
which lurbinectedin eliminated cervical CSCs. Results Lurbinectedin had significant antitumor activity toward cervical cancer
cells at low nanomolar concentrations in vitro. Mouse xenografts of cervical cancer revealed that lurbinectedin significantly
inhibits tumor growth. The growth-inhibitory effect of lurbinectedin was greater than that of cisplatin and paclitaxel. ALDH-high
CSCs were observed in both cervical cancer cell lines (4.4% and 2.4% in ME180 and CaSki cells, respectively). Lurbinectedin
downregulated stem cell-related gene expression (Oct4, Nanog, and SOX2), inhibited HDAC1 activity, and effectively elimi-
nated ALDH-high CSCs. Conclusions Lurbinectedin is highly effective on uterine cervical cancer because it eliminates CSCs,
and lurbinectedin is a promising agent to overcome platinum resistance in cervical cancer.
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Introduction

Cervical cancer is the second most common female-
specific cancer after breast cancer; an estimated 527,600
new cervical cancer cases and 265,700 deaths were re-
ported worldwide in 2012 [1]. Cervical cancer is the sec-
ond leading cause of cancer death in women aged 20 to

39 years [2]. Although most cervical cancer can be cured
with treatments based on surgery and concurrent chemo-
radiotherapy, it is estimated that approximately 30–35%
of patients with invasive cervical cancer will develop re-
current disease after primary treatment [1].

Chemotherapy has been the main treatment for patients
with recurrent or advanced cervical cancer, except for
those who are amendable to curative treatments with sur-
gery or radiotherapy. On the basis of phase III trials,
platinum-based combination regimens such as cisplatin
plus paclitaxel and carboplatin plus paclitaxel with or with-
out bevacizumab have become standard regimens for pa-
tients with recurrent or advanced cervical cancer [3, 4].
However, with rare exceptions, recurrent or advanced cer-
vical cancer patients have a painful prognosis, with a re-
ported 1-year survival rate of roughly 15–20% [3, 4].
Platinum resistance is the main reason for the poor prog-
nosis of recurrent or advanced cervical cancer, especially
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those previously treated with platinum-based chemothera-
py or radiosensitizing cisplatin [4, 5].

A possible strategy to overcome platinum-resistance is
targeting cancer stem-like cells. Cancer stem-like cells
(CSCs) are a small rare fraction (in most solid tumors <1%)
of tumor cells [6]. Because of their unlimited capacity for self-
renewal, differentiation, and tumorigenesis, CSCs contribute
to tumor initiation, progression, metastasis, and therapeutic
resistance. Experimental evidence supporting the existence
of CSCs was first reported in 1997 [7]. Since then, an increas-
ing number of investigators have identified CSCs in various
human malignancies including uterine cervical cancer [8–10].
Because of the nature of CSCs, treatment failures after
platinum-based chemotherapy may be explained, at least in
part, by the CSCs hypothesis. Thus, the development of novel
agents that can effectively eliminate CSCs is needed.

Another strategy is to develop a non-platinum regimen for
recurrent, persistent, or advanced cervical cancer. Lurbinectedin
(PM01183) is a novel synthetic alkaloid derived from
trabectedin. Lurbinectedin binds covalently to the minor groove
of DNA, which leads to G2-M cell-cycle arrest and ultimately
apoptosis. Replacing the tetrahydroisoquinoline moiety in
trabectedinwith a tetrahydroβ-carboline in lurbinectedin results
in reduced toxicity because of structural differences, which al-
lows the development of treatment regimens with higher doses.
Consequently, lurbinectedin has increased antitumor activity
compared with trabectedin [11]. Because of these encouraging
results from preclinical studies [12, 13] and phase I-II clinical
trials [14], the activity of lurbinectedin is currently being evalu-
ated in a phase III study involving patients with platinum-
resistant ovarian cancer [15] or platinum-resistant small-cell
lung cancer [15]. However, the anti-tumor effects of
lurbinectedin on uterine cervical cancer have never been
investigated.

In this preclinical study, we investigated the therapeutic
efficacy of lurbinectedin on uterine cervical cancer with a
special focus on its effects on both CSCs and non-CSCs.

Materials and methods

Reagents, antibodies, and drug preparation

PM01183 (lurbinectedin) was obtained from PharmaMar
(Madrid, Spain). Cisplatin and paclitaxel were purchased from
Sigma (St Louis, MO, USA). Lurbinectedin was prepared as a
1–10 μmol/L stock solution in dimethyl sulfoxide (DMSO).
Cisplatin and paclitaxel were dissolved in DMSO to final
concentrations of 100 and 1 mmol/L, respectively. Enhanced
chemiluminescence western blotting detection reagents were
purchased from Perkin Elmer (Boston, MA, USA).
Antibodies recognizing β-actin and anti-rabbit and anti-
mouse secondary antibodies were obtained from Cell

Signaling Technology (Beverly, MA, USA). Antibodies rec-
ognizing Histone deacetylase 1 (HDAC1), p53, and anti-goat
secondary antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

Cell lines and cell culture

The human cervical cancer cell lines ME180 and CaSki were
purchased from the American Type Culture Collection. The
cell lines were passaged soon after they were received from
the cell bank and stored in liquid nitrogen. Thawed cells were
used for experiments without further authentication. The hu-
man ovarian CCC cell line RMG1 was kindly provided by Dr.
H. Itamochi (Tottori University, Tottori, Japan). RMG1 was
extensively characterized in previous studies [16]. We authen-
ticated these cell lines in our laboratory based on morpholog-
ical observations. No further cell line authentication was con-
ducted by the authors. The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS). All cell lines were
maintained in a humidified incubator at 37 °C in 5% CO2.

Cell proliferation assay

The MTS assay was used to analyze the effects of each drug.
Cells were plated in 96-well plates and exposed to the drugs at
different concentrations. After a 72-h incubation, the number
of surviving cells was assessed by determining the A490nm of
the dissolved formazan product after the addition of MTS for
2 h according to the manufacturer’s instructions (Promega).
Cell viability was calculated as follows: Aexp group/Acontrol ×
100. The experiments were repeated at least three times, and
representative results are shown.

Aldefluor assay

The Aldefluor Assay Kit (Stem Cell Technologies,
Vancouver, Canada) was used to determine the percentage of
tumor cells expressing high levels of ALDH (ALDH-high
cells) according to the manufacturer’s instructions. Briefly,
1 × 106 cells were incubated with the Aldefluor substrate for
45 min at 37 °C with or without the ALDH inhibitor
diethylaminobenzaldehyde (DEAB). After incubation,
ALDH-high cells were detected in the FITC channel by flow
cytometry. Flow cytometric data were acquired on FACS
Canto II flow cytometer and analyzed using FACSDiva soft-
ware (BD Biosciences, San Jose, CA).

Colony formation assay

ALDH-high or ALDH low cells were sorted by FACS Aria II.
Five-hundred cells were seeded per well in 6-well-plates 24 h
before the addition of drugs. After 1–2 weeks, colonies were
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fixed with methanol and stained with Giemsa stain solution as
reported previously [17]. The colony was defined to consist of
at least 50 cells. The experiments were repeated at least three
times, and representative results are shown.

Quantitative real-time RT-PCR (qRT-PCR)

RNA was extracted from cells using Trizol (Life
Technologies, Grand Island, NY). The resultant total RNA
(1 μ g) was used to synthesize cDNA with ReverTraAce
qPCR RT Master Mix (Toyobo, Osaka, Japan). The cDNA
was amplified by qRT-PCR using the included TaqMan
Gene Expression Master Mix and the specific TaqMan
primer/probe assay designed for the investigated genes:
SOX2 (Hs01053049_s1), NANOG (Hs02387400_g1),
OCT4 (Hs03005111_g1), and GAPDH (Hs99999905_m1)
(Applied Biosystems, Tokyo, Japan). The gene expression
levels were normalized to the expression of the housekeeping
gene GAPDH and were expressed as a fold change relative to
the expression of untreated cells. Quantification was per-
formed by the delta/delta Ct calculation method.

Western blot analysis

Cell lines were treated with the indicated concentrations of
lurbinectedin or other anti-cancer agents, washed twice with
ice cold phosphate-buffered saline (PBS), and lysed in
radioimmunoprecipitation assay (RIPA) lysis buffer. The pro-
tein concentrations of the cell lysates were determined using
the Bio-Rad protein assay reagent. Equal amounts of protein
were applied to 5–20% polyacrylamide gels, and then the
electrophoresed proteins were transblotted onto nitrocellulose
membranes. After the membranes were blocked, they were
incubated with various primary antibodies. The immunoblots
were visualized with horseradish peroxidase (HRP)-coupled
immunoglobulins using the enhanced chemiluminescence
western blotting system (PerkinElmer, CA, USA).

Subcutaneous xenograft model

All procedures involving animals and their care were ap-
proved by the animal care and usage committee of Osaka
University (Osaka, Japan), in accordance with the relevant
institutional and National Institutes of Health guidelines.
Experiments were conducted to examine the effects of
lurbinectedin on cervical cancer. Five- to 7-week-old nude
mice (n = 10) had 1 × 107 ME180 cells in 150 μL of PBS
s.c. injected into their right flanks. After one week of the
inoculation procedure, the mice were randomly assigned into
two treatment groups. The first group (n = 5 was i.v. adminis-
tered PBS, and the second group (n = 5) was i.v. administered
lurbinectedin (0.180 mg/kg) each week for 3 weeks. The dose
of lurbinectedin (0.180 mg/kg) used was based on that

employed in a previous preclinical study of ovarian cancer,
in which it showed significant in vivo antitumor activity [18].
Caliper measurements of the longest perpendicular diameter
of each tumor were obtained twice a week and used to esti-
mate tumor volume according to the following formula: V =
L ×W×D × π / 6, where V is the volume, L is the length,W is
the width, and D is the depth.

Statistical analysis

Continuous data were compared between groups using a
Student’s t test or Tukey’s honestly significant difference test.
P-values <0.05 were considered significant. All analyses were
performed with JMP software version 13.0 (SAS Institute
Inc.).

Data availability All data generated or analyzed during this
study are included in this published article [and its supplemen-
tary information files].

Results

The in vitro growth inhibitory effects of lurbinectedin
on cervical cancer cell lines

To examine the effects of lurbinectedin on the proliferation of
cervical cancer cells, we conducted the MTS assay using two
human cervical cancer cell lines (ME180 and CaSki).
Lurbinectedin is highly effective on ovarian clear cell carci-
noma cells [12], and an ovarian clear cell carcinoma cell line
(RMG1) was used as a reference. As shown in Fig. 1a, treat-
ment for 72 h with lurbinectedin inhibited the proliferation of
ME180 and CaSki cells in a dose-dependent manner. The anti-
proliferative effects of lurbinectedin on cervical cancer cells
were similar to its effects on RMG1 cells (Fig. 1a). Using
these cell lines, we next compared the antitumor effects of
lurbinectedin with those of paclitaxel and cisplatin (Fig. 1b),
which are the key agents in the clinical treatment of recurrent,
persistent, and advanced cervical cancer. The IC50 values
obtained in each experiment are summarized in Table 1.
Lurbinectedin had a significantly greater antitumor activity
in these cell lines than other anticancer agents.

The in vitro growth-inhibitory effects of lurbinectedin
on CSCs and non-CSCs

Because high ALDH activity was reported to be a marker of
CSCs in various cancers [19, 20], we defined ALDH-high
cells as CSCs. We first investigated the ALDH activity of
ME180 and CaSki cells. Both cervical cancer cell lines
contained ALDH-high cells: the frequency of ALDH-high
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cells was 4.4% and 2.4% in ME180 and CaSki cells, respec-
tively (Fig. S1).

To investigate the impact of ALDH activity on the thera-
peutic efficacy of lurbinectedin using ALDH-high (CSCs) and
ALDH-low cells (non-CSCs), we performed the colony for-
mation assay. Lurbinectedin treatment decreased the colony
forming activity of both ALDH-high and ALDH-low cells in a
dose-dependent manner (Fig. 2b). However, the colony
forming activity of ME180 and CaSki cells after the treatment
with lurbinectedin was significantly greater in ALDH-high

cells than in ALDH-low cells. Similar results were obtained
with RMG1 cells (Fig. S2). Collectively, these results indicate
the involvement of ALDH activity in the sensitivity of
lurbinectedin. To further demonstrate the chemoresistant na-
ture of ALDH-high CSC cells, ALDH-high and ALDH-low
cells were mixed together at various ratios in subsequent MTS
assays and clear differential sensitivity to lurbinectedin was
observed (Fig. 2c). The inhibitory effect of lurbinectedin was
inversely associated with the proliferation of ALDH-high
cells, indicating the relatively chemoresistant nature of
ALDH-high cells when compared to ALDH-low cells.
However, 1–3 nM lurbinectedin completely abolished the
ability of cervical cancer cells to form colonies.

We next compared the inhibitory effect of lurbinectedin on
ALDH-high cells with those of paclitaxel and cisplatin using
the colony formation assay. In this experiment, we employed
three different concentrations: 1 nM, the clinical plasma con-
centration (PC) observed in patients, and the IC50.
Lurbinectedin had a significantly greater inhibitory effect on
the colony forming activity of ALDH-highME180 and CaSki
cells (Fig. 3). A similar effect of lurbinectedin was observed in
RMG1 cells (Fig. S3). Lurbinectedin completely abolished the
colony forming activity in all cell lines at the PC. Collectively,
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Fig. 1 In vitro growth-inhibitory effects of lurbinectedin. a Sensitivity
of cervical cancer cells and ovarian cancer cells to lurbinectedin. Cervical
cancer cells (ME180 and CaSki) and ovarian clear cell carcinoma cells
(RMG1) were treated with the indicated concentrations of lurbinectedin
in the presence of 10% FBS for 72 h. Cell proliferation was assessed
using the MTS assay. Data points, mean values; bars, SD (*, significantly

different from the control; P < 0.05). b. Comparison of the growth-
inhibitory effects of three anti-cancer agents. Cells were treated with the
indicated concentrations of paclitaxel, cisplatin, or lurbinectedin in the
presence of 10% FBS for 72 h. Cell proliferation was assessed using
the MTS assay. Data points, mean values; bars, SD (*, significantly dif-
ferent from paclitaxel; P < 0.05)

Table 1 IC50 values of anticancer drugs in human cervical cancer cell
and ovarian cancer cell lines

Drugs IC 50

ME180 CaSki RMG1

Cisplatin μM 3.44 (1.05) 48.17 (6.84) 40.96 (7.66)

Paclitaxel nM 55.36 (3.51) 10.05 (2.06) 23.88 (4.21)

Lurbinectedin nM 0.49 (0.07) 0.80 (0.12) 0.48 (0.07)

The IC50 values represent the mean of at least 3 independent experiments
(SD)
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these results indicate that lurbinectedin effectively eliminated
both CSCs and non-CSCs of uterine cervical cancer.

In vivo growth-inhibitory effects of lurbinectedin
on cervical cancer

To examine the in vivo growth-inhibitory effects of
lurbinectedin, we employed an s.c. xenograft model in which
athymic mice were s.c. inoculated with ME180 cells. Overall,
the drug treatment was well tolerated throughout the study and
did not cause any apparent toxicities. As shown (Fig. 4a), no
obvious weight loss was observed during the treatments. The
mean ME180-derived tumor burden in mice treated with
lurbinectedin was 600.0 mm3 compared with 1131.0 mm3 in
the PBS-treated mice (Fig. 4b). Overall, treatment with
lurbinectedin decreased the ME180-derived tumor burden by
47.0% compared with PBS. Next, we investigated the effect of
lurbinectedin on the induction of CSCs in vivo. The tumor
obtained from the mouse treated with lurbinectedin

significantly reduced the frequency of ALDH-high ME180
cells in the tumor (Fig. 4c).

The mechanisms by which lurbinectedin eliminates
CSCs

We investigated the mechanisms by which lurbinectedin elim-
inated CSCs. Because SOX2, Nanog, and Oct4 are master
regulators for self-renewal and the maintenance of the stem
cell population, we evaluated the effect of lurbinectedin on the
expression of these genes. As shown in Fig. 5a, lurbinectedin
significantly attenuated the expression of SOX2, Nanog, and
Oct4. A similar effect of lurbinectedin was observed in RMG1
cells (Fig. S4a).

Recent studies have indicated that HDAC1-mediated p53
suppression is involved in the induction of CSCs [21], and
HDAC inhibition induces growth arrest or apoptosis in
CSCs [22–26]. Thus, we investigated the effect of
lurbinectedin on the expression of HDAC1 and p53.
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Fig. 2 The effects of lurbinectedin on ALDH-high and ALDH-low
cervical cancer cells. ALDH-high and ALDH-low cervical cancer cells
(ME180 and CaSki) were plated at low density in 6-well plates (500 cells/
well). On the following day, cells were treated with the indicated concen-
trations of lurbinectedin in the presence of 10% FBS for 24 h. After
culturing 1 week for ME180 and 2 weeks for CaSki, the colonies were
stained and the colony number was counted. a Representative images of

untreated cells. b Graphs depicting the colony forming ability: 0 nM was
set to 1.0. Data points, mean values; bars, SD (*, significantly different
from paclitaxel; P < 0.05). c ALDH-high and ALDH-low cells were
mixed together at various ratios and treated with the indicated concentra-
tions of lurbinectedin in the presence of 10% FBS for 72 h. Cell prolifer-
ation was assessed using the MTS assay. Data points, mean values; bars,
SD (*, significantly different from paclitaxel; P < 0.05)
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Treatment of ME180 and CaSki cells with lurbinectedin sig-
nificantly attenuated the expression of HDAC1, whereas the
expression of p53 was increased (Fig. 5b). Similar results
were obtained from RMG1 cells (Fig. S4b).

Discussion

The lack of effective non-platinum chemotherapy is a ma-
jor clinical problem in the management of recurrent or
advanced cervical cancer. On the basis of preclinical and
clinical studies [27, 28], the Gynecologic Oncology
Group (GOG) conducted a phase III trial (GOG 240) eval-
uating the efficacy of bevacizumab and comparing the
efficacy of non-platinum doublet topotecan plus paclitaxel

with cisplatin plus paclitaxel in recurrent cervical cancer
patients. Although 75% of the enrolled patients had been
previously treated with platinum-based chemotherapy,
topotecan plus paclitaxel was not superior to cisplatin plus
paclitaxel in this trial [2]. Thus, an effective non-platinum
doublet regimen needs to be developed.

In the current study, we found that lurbinectedin exhibited
significant antitumor activity on cervical cancer at low
nanomolar concentrations. The in vitro growth-inhibitory ef-
fect of lurbinectedin was greater than those of cisplatin or
paclitaxel (Fig. 1). These findings indicate that lurbinectedin
may have therapeutic efficacy as a single agent in cervical
cancer patients.

An additional important finding of our study was the
significant antitumor activity of lurbinectedin on CSCs
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Fig. 3 The effects of various anti-cancer agents on ALDH-high cer-
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Cells were treated with the indicated concentrations of lurbinectedin,
paclitaxel (PTX), or cisplatin for 24 h. The inhibitory effects of anti-
cancer agents were assessed by a colony formation assay. Left: 1.0 nM
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(Fig. 2) because CSCs are involved in treatment resistance
and can be a cause of treatment failure after chemotherapy
or radiotherapy [8–10, 29]. To our knowledge, this is the
first study to demonstrate that lurbinectedin eliminates
CSCs. However, a similar result was also obtained from
trabectedin studies: low nanomolar concentrations of
trabectedin efficiently inhibited the growth of CSCs and
induced apoptosis [30]. Thus, we think that the ability of
lurbinectedin to eliminate CSCs is a common aspect of
Ecteinascidin.

Lurbinectedin exhibited a significant growth-inhibitory ef-
fect on cervical CSCs and non-CSCs at concentrations of 0.5–
5 nM (Figs. 1 and 2). According to a previous clinical study,
the peak plasma concentration of lurbinectedin is 148.2–
153.8 ng/mL (188.8–196.0 nM) [31], which is significantly
higher than the concentrations of lurbinectedin used in the
current study. Therefore, the use of lurbinectedin in the treat-
ment of recurrent or advanced cervical cancer is reasonable
and clinically achievable.

We investigated the mechanism by which lurbinectedin
eliminated CSCs (Fig. 5a) and found that lurbinectedin

suppressed the expression of SOX2, Nanog, and Oct4, which
are master regulators for the self-renewal and maintenance of
CSCs [32, 33]. This finding is partially consistent a previous
study demonstrating that trabectedin downregulates stem cell-
related gene expression [30]. Moreover, lurbinectedin de-
creased the expression of HDAC1 (Fig. 5b), a dominant sub-
type of HDAC, and increased p53 expression. This finding is
consistent with a recent report showing that HDAC1 sup-
presses p53 transcriptional activity by enhancing
deacetylation and decreasing DNA binding [34]. Our results
were also consistent with a recent report demonstrating that
HDAC1-mediated inactivation of p53 is involved in the in-
duction of lung cancer stem cells [21]. Another report showed
that under stress conditions, p53 is activated by acetylation,
blocks Nanog expression by directly binding to its promoter
region, and binds the distal regions of genes to suppress them.
Activated p53 also suppresses the transcription of SOX2 and
Oct4 [35, 36]. Collectively, these results indicate that
lurbinectedin eliminates CSCs by inhibiting HDAC1-
mediated p53-supression (Fig. S5). However, the stem cell-
like properties of CSCs are regulated by not only HDAC1, but
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lurbinectedin (n = 5) each week for 3 weeks. a Graphs depicting the
changes in mouse body weight seen in each treatment group. The body
weight on day 0 is set to 1.0 and the rate of increase was calculated. Data
points, mean values; bars, SD (*, significantly different from the control;
P < 0.05, two-sided Student’s t test). b (i) Graphs depicting the changes in
tumor volume observed in each treatment group. The tumor volume on

day 0 is set to 1.0 and the rate of enlargement was calculated. Data points,
mean values; bars, SD (*, significantly different from the control; P <
0.05, two-sided Student’s t test). (ii) Appearance of s.c. tumors are shown.
c Effect of lurbinectedin on CSCs in tumor. (i) The human EpCam+
mouse CD45- cells in the tumors were gated using flow cytometry and
then the percentages of ALDH-high cells were assessed using the
Aldefluor assay (Bars SD. n = 5, ***, significantly different from the
control; P < 0.001, two-sided Student’s t test). (ii) Representative dot
plots were shown
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by various signaling pathways such as Notch, Hedgehog, and
Wnt [37]. Lurbinectedin may also affect these signaling path-
ways in our experimental model. Further studies are needed to
obtain a deeper understanding of the mechanisms underlying
the effects of lurbinectedin on CSCs.

The limitations of our study need to be addressed. We
employed, on the basis of previous reports [19, 20],
ALDH-activity as a marker of CSCs. However, definitive
CSC markers for solid tumors have not been established. In
addition, although we evaluated the effects of lurbinectedin
in human cervical cancer cell lines, we did not evaluate the
inhibitory effects of lurbinectedin in patient-derived tumor
samples. Thus, to verify our results, further investigations
may be required.

In conclusion, our findings indicate that lurbinectedin is
highly effective on uterine cervical cancer. Because
lurbinectedin eliminates CSCs, it is a promising agent to over-
come the platinum-resistance in cervical cancer. Our preclin-
ical data provide the basis for future clinical trials using
lurbinectedin in recurrent or persistent cervical cancer.
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