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ABSTRACT: Salinomycin exhibits significant systemic adverse
reactions such as tachycardia and myoglobinuria in mammals,
which hinders its application as a drug for human cancers. Although
many strategies aimed at increasing salinomycin’s toxicity to cancer
cells have been identified to allow a lower dose of salinomycin to be
used, they often cause normal cell damage by themselves. Thus, it is
urgent to find more effective methods to increase salinomycin’s
toxicity to cancer cells with little influences on normal cells.
Telomerase, which is expressed highly in most cancer cells rather
than normal somatic cells, plays central roles in cancer cell fate
regulation. Targeting telomerase represents a potential method for
enhancing salinomycin’s cytotoxicity to cancer cells with little
effects on normal cells. Herein, we improve the toxicity of
salinomycin against cancer cells by telomerase inhibition BIBR1532 (BIBR), which binds to the active site of telomerase reverse
transcriptase. We find that a non-toxic dose of BIBR can enhance cytotoxicity of salinomycin in MCF-7 and MDA-MB-231 cells.
Moreover, BIBR enhances mammosphere formation inhibition mediated by salinomycin in MCF-7 and MDA-MB-231 cells. Further
studies show that BIBR enhances tumor growth inhibition induced by salinomycin in vivo. To our knowledge, this is the first
example that targeting telomerase improves anti-cancer effects of salinomycin.

■ INTRODUCTION
Salinomycin was first extracted from the culture broth of
Streptomyces albus in the early seventies and was identified as a
monocarboxylic polyether antibiotic.1 For a long period of
time salinomycin was only used as a coccidiostat in livestock.2

Until 2009, Weinberg group reported that salinomycin
possessed anti-cancer effects, especially anti-cancer stem-like
cell activities.3 Subsequent studies that follow this lead
demonstrated that salinomycin has inhibitory effects on
many different types of cancers.4−9 Unlike conventional
chemotherapeutical agents, such as paclitaxel, doxorubicin,
cisplatin, and temozolomide, salinomycin can eliminate not
only cancer cells but also cancer stem-like cells and multidrug
resistance cancer cells.10−12 Recent studies have revealed some
mechanisms of salinomycin against human cancer cells, such as
interference with ATP-binding cassette transporters, inhibition
of the Wnt/β-catenin signaling pathway, induction differ-
entiation, and overproduction of reactive oxygen species
(ROS).3,8,10,13 In view of these predominant properties,
salinomycin is attracting more and more attention and has
been considered as a promising anti-cancer drug. However, it
has been reported that salinomycin in high dose exhibits severe
systemic adverse reactions in mammals, which hinders its
application as a drug for human diseases.14−17 Although many
strategies, such as targeting histone deacetylase, pyruvate
dehydrogenase kinase, and autophagy, have been identified to

improve salinomycin’s toxicity against cancer cells to allow a
lower dose of salinomycin to be used, they often cause
significant normal cell damage by themselves.18−20 Therefore,
it is urgent to find more effective methods for increasing
salinomycin’s toxicity to cancer cells with little effects on
normal cells.
Telomerase, which is expressed at high levels in most types

of cancer cells rather than normal cells, is a reverse
transcriptase composed of two subunits: an RNA component
TERC (telomerase RNA component) and a conserved
catalytic subunit TERT (telomerase reverse transcriptase).21

Telomerase can use TERC as templates for adding TTAGGG
repeats to the ends of telomeres via its catalytic subunit
TERT.22 In cancer cells, telomerase maintains telomere length
via its telomeric DNA synthesis activity to confer cancer cell
immortality.23 In addition to the canonical telomere elongation
function, TERT has additional functions in cancer cells. The
TERT in cancer cells is closely correlated with gene

Received: June 29, 2022
Accepted: August 9, 2022
Published: August 17, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

30565
https://doi.org/10.1021/acsomega.2c04082

ACS Omega 2022, 7, 30565−30570

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongshuang+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanxiang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04082&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04082?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04082?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04082?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04082?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04082?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


transcription, DNA damage repair, stemness maintenance,
ROS regulation, and so forth.24−28 It has been demonstrated
that telomerase plays a central role in cancer cell fate
regulation.29 Thus, targeting telomerase is a promising strategy
for enhancing the cytotoxicity of salinomycin in cancer cells
with little influence on normal cells.
In this study, we propose to improve toxicity of salinomycin

(see structure in Figure 1a) in cancer cells by targeting

telomerase via BIBR1532 (BIBR, Figure 1b), which is a
specific telomerase inhibitor that binds to the active site of
TERT.30 We find that a non-toxic dose of BIBR can enhance
cytotoxicity of salinomycin in MCF-7 and MDA-MB-231
(M231) cells. Furthermore, BIBR reinforces mammosphere
formation inhibition mediated by salinomycin in MCF-7 and
M231 cells. Mechanism studies show that BIBR improves
salinomycin’s toxicity partially through enhancing ROS
generation. More importantly, BIBR enhances tumor growth
inhibition induced by salinomycin. This is the first example
that targeting telomerase increases anti-cancer effects of
salinomycin. Our studies will shed light on salinomycin
application in anti-cancer treatment.

■ RESULTS
Cytotoxicity of BIBR. For assessing the effects of BIBR on

the anti-cancer activities of salinomycin without interference,
the cytotoxicity of BIBR was detected first. After treatment
with BIBR, the cell viability of MCF-7 and M231 cells was
tested by the Cell Counting Kit-8 (CCK-8) assay. As shown in
Table 1, BIBR at the concentrations of 1, 5, 10, and 15 μM had
slight effects on the cell viability of MCF-7 and M231 cells,
whereas the cell viability inhibition induced by BIBR at the
concentrations ≥ 20 μM reached a significant level (P < 0.05).
Therefore, the concentration of 15 μM was selected to use in
the subsequent experiments.

BIBR Enhances the Cytotoxicity of Salinomycin in
MCF-7 and M231 Cells. Next, we tested the effects of non-
toxic dose of BIBR on salinomycin’s anti-cancer activities.
MCF-7 and M231 cells were incubated with BIBR (15 μM)
and different concentrations (1, 2, 4, 8, and 16 μM) of
salinomycin. As shown in Figure 2, the inhibitory effects of

different concentrations (1, 2, 4, 8, and 16 μM) of salinomycin
on MCF-7 and M231 cell viability were improved by BIBR.
Similar effects were found in A549 cells (Figure S1). BIBR also
enhanced cytotoxicity of salinomycin in MCF-10A cells
(Figure S2). Moreover, simultaneous and sequential combined
treatments of BIBR and salinomycin contributed to synergistic
inhibitory effects on MCF-7 and M231 cells (Figure S3).
BIBR Improves Mammosphere Formation Inhibition

Induced by Salinomycin. It is well known that MCF-7 and
M231 cells contain cancer stem-like cells, which can form
mammospheres in serum-free and anchorage-independent
culture condition.10,31 We thus detected the effects of BIBR
on mammosphere formation inhibition mediated by salino-
mycin. MCF-7 and M231 cells were exposed to BIBR (15 μM)
and salinomycin (4 μM) for 72 h. The cells were cultured in
serum-free medium in ultralow adherence plates for 7 d. Then,
the mammosphere formation was examined. As shown in
Figures 3 and 4, BIBR enhanced mammosphere formation
inhibition induced by salinomycin in MCF-7 and M231 cells,
suggesting that BIBR increased the inhibitory function of
salinomycin on cancer stem-like cells. It has been reported that
cancer stem-like cells are more sensitive to BIBR or
salinomycin.3,32 Therefore, the enhanced effects of BIBR on
salinomycin’s cytotoxicity were compared between mammo-
spheres and MCF-7 cells. MCF-7 secondary mammospheres
(Figure S4) and MCF-7 monolayer cells were exposed to BIBR
(15 μM) and salinomycin (4 μM) for 72 h. As shown in Figure
S5, the cell viability inhibition in mammospheres treated with

Figure 1. (a) Structure of salinomycin. (b) Structure of BIBR1532.

Table 1. Effects of BIBR on the Cell Viability of MCF-7 and
M231 Cellsa

MCF-7 cell M231 cell

BIBR
(μM)

cell viability (%) ±
SD P value

cell viability (%) ±
SD P value

0 100.0 ± 3.10 � 100.0 ± 3.07 �
1 99.75 ± 3.27 0.914 99.78 ± 3.01 0.880
5 99.28 ± 3.10 0.749 99.25 ± 2.54 0.584
10 98.18 ± 2.96 0.425 97.67 ± 2.89 0.152
15 96.75 ± 2.33 0.154 97.22 ± 2.51 0.088
20 94.91 ± 2.25 0.049 96.52 ± 2.03 0.039
25 93.61 ± 2.98 0.036 94.89 ± 4.05 0.032
30 90.01 ± 4.63 0.019 91.53 ± 3.04 0.003

aMCF-7 and M231 cells were incubated with different concentrations
of BIBR for 72 h, and the cell viability was tested by the CCK-8 assay.
BIBR, BIBR1532. M231, MDA-MB-231. SD, standard deviation. �
indicates not done.

Figure 2. Effects of BIBR on the cell viability inhibition induced by
salinomycin in MCF-7 and M231 cells. (a,b) MCF-7 cells were
exposed to BIBR (15 μM) and different concentrations (1, 2, 4, 8, and
16 μM) of salinomycin for 48 h (a) and 72 h (b). (c,d) M231 cells
were exposed to BIBR (15 μM) and different concentrations (1, 2, 4,
8, and 16 μM) of salinomycin for 48 h (c) and 72 h (d). The cell
viability was detected by the CCK-8 assay. The results are shown as
the mean ± SD (n = 3). BIBR, BIBR1532. Sal, salinomycin.
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both BIBR and salinomycin was higher than that in MCF-7
cells treated with both BIBR and salinomycin.
BIBR Increases Salinomycin’s Cytotoxicity Partially

via Enhancing ROS Generation. Recent studies show that
ROS production is one of the primary mechanisms by which
salinomycin mediates toxicity to cancer cells.5,10 We thus
measured the ROS levels in MCF-7 cells after the treatments
of BIBR and salinomycin by staining with dichlorofluorescein
diacetate. As shown in Figure 5a, the ROS level in the group
treated with BIBR and salinomycin was higher than that in the

group treated with salinomycin, suggesting that BIBR
enhanced ROS generation induced by salinomycin. N-Acetyl-
L-cysteine (NAC), a ROS scavenger,10 partially prevented cell
growth arrest (Figure 5b), indicating that BIBR improved
salinomycin’s cytotoxicity in part by enhancing ROS
generation.
BIBR Enhances Tumor Growth Inhibition Induced by

Salinomycin. To evaluate the effect of BIBR on tumor growth
inhibition induced by salinomycin in vivo, MCF-7 cells were
subcutaneously injected into nude mice and treated with BIBR,

Figure 3. Effects of BIBR on mammosphere formation inhibition induced by salinomycin in MCF-7 cells. (a) Representative images of
mammospheres treated with BIBR and salinomycin. MCF-7 cells were incubated with BIBR (15 μM) and salinomycin (4 μM) for 72 h. Then,
5000 cells were seeded into serum-free medium and cultured for 7 d to form mammospheres. Scale bar = 50 μm. (b) Mammospheres were
quantitated. The results are shown as the mean ± SD (n = 6). **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). (c) Cell viability of the
mammospheres was tested. Results are shown as the mean ± SD (n = 6). **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). Ctrl, control. Sal,
salinomycin. BIBR, BIBR1532.

Figure 4. Effects of BIBR on mammosphere formation inhibition induced by salinomycin in M231 cells. (a) Representative images of
mammospheres treated with BIBR and salinomycin. M231 cells were treated with BIBR (15 μM) and salinomycin (4 μM) for 72 h. Then, 5000
cells were cultured in serum-free medium for 7 d to form mammospheres. Scale bar = 50 μm. (b) Mammospheres were quantitated. The data are
presented as the mean ± SD (n = 6). **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). (c) Cell viability of the mammospheres was tested. The
data are presented as the mean ± SD (n = 6). **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). Ctrl, control. Sal, salinomycin. BIBR,
BIBR1532.
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salinomycin, or both for 36 days. As shown in Figure 6a−c, the
tumor size and weight in the combined treatment group were
less than those in the groups treated with single BIBR or
salinomycin. Furthermore, compared with the BIBR or
salinomycin group, tumor tissues were looser in the group
treated with both BIBR and salinomycin (Figure 6d). These
results showed that the combined treatment of BIBR and
salinomycin exhibited enhanced inhibitory effects on tumor
growth compared to single treatments of BIBR or salinomycin.
Figure S6 shows the body weight change of the mice.

■ DISCUSSION
In this study, two breast cancer cell lines MCF-7 and M231
cells were selected to explore strategies for enhancing

salinomycin’s anti-cancer effects. Breast cancer is one of the
three most common cancers worldwide.33 Moreover, MCF-7
and M231 cells are known to contain cancer stem-like cells,
which are beneficial to anti-cancer stem-like cell studies.10,31

Therefore, selecting MCF-7 and M231 cells for assessing
salinomycin’s anti-cancer activities has important significance.
High doses of BIBR also have cytotoxicity. To avoid the

interferences, we tested the cytotoxicity of BIBR first and
selected a non-toxic dose of BIBR to assess the effects of BIBR
on salinomycin’s anti-cancer activities. Furthermore, low doses
of BIBR will have little effects on normal cells.
Telomerase inhibition has long-term and short-term effects

on cancer cells. Cell death due to telomere shortening is the
long-term effect, which needs a long lag period. The short-term
effects are concerned with the non-canonical functions of
TERT.34−36 One of the primary non-canonical functions of
TERT is that TERT can attenuate ROS to prevent cell damage
in cancer cells in the stress state.27 Our results showed that
BIBR increased salinomycin’s cytotoxicity and improved ROS
generation within 72 h. Moreover, the binding site of BIBR in
telomerase is the active site of TERT.30 Therefore, we
reasoned that the enhanced effects of BIBR on salinomycin’s
cytotoxicity in cancer cells were associated with the
interference of the non-canonical function of TERT, but not
telomere length-dependent function.

■ CONCLUSIONS
In summary, our data highlight the roles of BIBR in enhancing
the cytotoxicity of salinomycin in MCF-7 and M231 cells.
Furthermore, BIBR can reinforce the inhibitory effects of
salinomycin on mammosphere formation in MCF-7 and M231
cells. In addition, we find that BIBR increases salinomycin’s
cytotoxicity in part by enhancing ROS generation. More
importantly, BIBR can enhance tumor growth inhibition

Figure 5. Effects of BIBR on ROS generation induced by salinomycin
in MCF-7 cells. (a) ROS production in MCF-7 cells incubated with
BIBR (15 μM) and salinomycin (8 μM) for 72 h was tested using
dichlorofluorescein diacetate (10 μM) as a probe by flow cytometry.
(b) Cell viability of MCF-7 cells exposed to BIBR (15 μM),
salinomycin (8 μM), and NAC (10 mM) for 48 and 72 h. The results
are shown as the mean ± SD (n = 3). **P < 0.01 (two-way ANOVA,
Tukey’s post hoc test). Ctrl, control. Sal, salinomycin. BIBR,
BIBR1532.

Figure 6. Effect of combined treatments of BIBR and salinomycin on tumor growth in vivo. (a) Photographs of the dissected tumors. (b) Tumor
growth curves were plotted. The results are shown as the mean ± SD (n = 6). **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). (c) Tumor
weight of the dissected tumors. **P < 0.01 (two-way ANOVA, Tukey’s post hoc test). (d) Representative micrographs of H&E staining of tumor
tissues with different treatments. Scale bar = 50 μm. Ctrl, control. Sal, salinomycin. BIBR, BIBR1532.
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induced by salinomycin. Our work suggests that targeting
telomerase is an efficient way of improving salinomycin’s anti-
cancer effects.
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