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 Background: Tamoxifen (TAM) is the first-line drug for estrogen receptor-positive (ER+) breast cancer (BC) treatment. However, 
its resistance is a main obstacle in clinical practice. Thus, new therapeutic agents are urgently needed to fight 
TAM resistance.

 Material/Methods: Here, we constructed TAM-resistant ER+BC cells with TAM resistance, named MCF-7-R. Western blot, quanti-
tative real-time PCR (qRT-PCR), ALDH1 activity analysis, and spheroid-forming detection were used to detect 
the stemness of cells and the effects of napabucasin (NP) on BC cell stemness. Cell counting kit-8 (CCK8) as-
say was used to evaluate the effects of NP on cell viability.

 Results: MCF-7-R cells exhibited higher stemness compared with the parental MCF-7 cells, which was evident by the 
increased spheroid formation ability at diluted concentration, aldehyde dehydrogenase (ALDH) activity, and 
expression of stemness critical biomarkers (Oct4, Nanog, and Sox2). Additionally, it was found that napabuca-
sin (NP) specifically killed MCF-7-T cells, characterized by remarkably decreased IC50 value. Notably, NP reduced 
MCF-7-R cell stemness, which was evident as the decreased stemness marker expression, spheroid-forming 
capacity, and ALDH1 activity. Importantly, NP attenuated TAM resistance of MCF-7-R cells and enhanced sen-
sitivity of MCF-7 cells to TAM. Mechanistic study showed that NP inhibited STAT3 activation, and overexpres-
sion of STAT3 rescued NP-mediated inhibition of the stemness-like characteristics of MCF-7-R cells.

 Conclusions: NP might be used as an adjuvant therapy for ER+ BC patients with TAM resistance.
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Background

Endocrine therapy is an important part of comprehensive 
treatment for ER+breast cancer (BC) patients [1]. It mainly in-
cludes ER antagonist tamoxifen (TAM), aromatase inhibitors 
(AI) (e.g., anastrozole and letrozole). Use of drugs that down-
regulate ER (e.g., fulvestrant) has become increasingly com-
mon, and tamoxifen especially has become the first-line drug 
for ER+BC patients due to its low toxicity, affordability, and 
long-lasting effect, and has been used in early and late ER+BC 
treatment [2]. Although the early use of TAM has obvious ben-
efits, clinical application has found that patients are prone to 
resistance to TAM, leading to cancer progression and metas-
tasis, which is still a major clinical problem [3].

At present, the main mechanisms of TAM resistance include ER 
changes, enhanced growth factor pathways, nuclear receptor 
co-regulatory factors, hypersensitivity to estrogen, and drug 
metabolism changes [4]. In addition, studies have shown that 
cancer stem cells (CSCs) lead to the acquired drug resistance 
of BC [5]. CSCs are found in low numbers in cancer tissue, and 
have the ability to self-renew and differentiate [6]. Based on 
this ability, CSCs are considered to be the cells that produce 
cancer tissue. It has been found that BC CSCs (BCSCs) are re-
sistant to radiotherapy and chemotherapy, and therefore re-
sult in the occurrence and development of BC [6]. Recent stud-
ies have shown that BCSCs are involved in TAM resistance. 
For example: the expression of stem cell markers is increased 
in ER+BC cells with endocrine resistance [7,8]; decreased ex-
pression of forkhead box protein A1 (FOXA1) was identified 
in TAM-resistant ER+ BC cells, which promotes BC cell stem-
ness [9]; and Interleukin-33 (IL-33) induces tamoxifen resis-
tance by promoting the stemness of BC cells [10]. Therefore, 
targeting BCSCs might overcome TAM resistance. Napabucasin 
(NP) is a small STAT3 inhibitor that has been shown to attenu-
ate the stemness of other types of tumors [11]. Notably, inhibi-
tion of STAT3 has been shown to suppress BC stemness [12,13]. 
Here, we speculated that NP could attenuate the stemness of 
ER+cells with TAM resistance.

The present study found that MCF-7-R cells exhibited higher 
stemness compared with MCF-7 cells and NP decreased ALDH 
activity, spheroid formation ability, and stemness marker ex-
pression of MCF-7-R cells. Additionally, NP reversed the TAM 
resistance of MCF-7-R cells and enhanced the sensitivity of 
MCF-7 cells to TAM. Mechanistic research revealed that NP at-
tenuated MCF-7-R cell stemness by regulating STAT3 activity. 
These data suggest that targeting BCSCs in the context of 
TAM-resistant ER+cells using NP, in combination with cisplatin, 
may be an effective and novel approach in ER+BC treatment.

Material and Methods

Cell culture and reagents

Human ER+ BC cell line MCF-7 cells were purchased from 
Gaining Biological (Shanghai, China). TAM-resistant MCF-7 cells 
(MCF-7-R) were constructed by culturing with 1 μM TAM (Selleck 
Chemicals, Houston, TX, USA) for 3 months and then cultured 
with 1 nM TAM. The resistance index was confirmed before 
use. Cell lines were maintained in DMEM medium (Hyclone), 
with 10% FBS (fetal bovine serum, Thermo Fisher Scientific) at 
37°C in a humidified atmosphere with 5% CO2. Napabucasin, 
the inhibitor of STAT3, was purchased from MedChem Express 
(Monmouth Junction, NJ, USA).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the Total RNA Extraction Kit 
(Solarbio, Beijing, China). Then, cDNA was reversely synthe-
sized and qRT-PCR was performed using the Hifair™ III One-
Step RT-qPCR Probe Kit (YEASEN). Primers sequences used were:
Nanog, forward, 5’-CACGCCAGACTTACCTGTCCTACT-3’,
reverse, 5’-TGTCAACATCCTCCTTATCTCCTT-3’;
Oct4, forward, 5’-GCAGGTATGGGTTCATAGAAGGGC-3’,
reverse, 5’-TGTGAGTGTCTGGTAGCAGGGATT-3’;
b-actin, forward, 5’-TTCGGGCTGGTGACAGGGAAGACA-3’,
reverse, 5’-TTTGCGGGACAAAGGGCAAGATTT-3’.

Western blot analysis

Whole protein was extracted using RIPA lysis buffer (Beyotime, 
Beijing, China). The BCA Protein Quantification Kit (Tiangen, 
Beijing, China) was used to measure the protein concentration. 
The procedure was performed according to the method de-
scribed in a previous study [14]. The primary antibodies used 
were: Oct4 (cat. no. 11263-1-AP, ProteinTech, Wuhan, China, 
1: 1000), Nanog (cat. no. 67255-1-Ig, ProteinTech, 1: 3000), 
Sox2 (cat. no. WL03273, Wanleibio, Shenyang, China, 1: 1500), 
Cleaved caspase 3 (ab32042, Abcam, 1: 3000), Caspase 3 (cat. 
no. 66470-2-Ig, Proteintech, 1: 1000), Cleaved PARP (ab32561, 
Abcam, 1: 3000), PARP (cat. no. WL0326, Wanleibio, 1: 1500), 
p-STAT3 (Tyr705) (ab76315, Abcam,1: 1000), p-STAT3 (Ser727) 
(ab32134, Abcam, 1: 1000), STAT3 (cat. no. WL01836, Wanleibio, 
1: 1500), c-Myc (cat. no. WL01781, Wanleibio, 1: 1500), Bcl-xl 
(cat. no. WL03353, Wanleibio, 1: 1500), and b-actin (cat. no. 
WL01372, Wanleibio, 1: 200).

Plasmid construction and transfection

The STAT3 coding sequences were inserted into pcDNA3.1 (+) 
plasmid, denoted as pc-Stat3, which was confirmed by DNA-
sequencing before use. Pc-Stat3 was transfected using EZ 
Trans (Shanghai Life iLAB Biotechnology Co., Shanghai, China).
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Cell viability assay

Cells were seeded in 96-well plates and incubated with NP, 
TAM, NP, and TAM. Cell counting kit-8 (CCK8) was used to mea-
sure the number of viable cells. The IC50 values were calculat-
ed using GraphPad Prism.

Spheroid forming analysis

The procedure was performed according to the method de-
scribed in a previous study [15].

ALDH1 activity assay

ALDH1 activity was determined using an ALDEFLUOR™ Kit.

Luciferase reporter activity analysis

The STAT3 reporter gene plasmid (pGL4.47(Luc2P/SIE/Hygro)) 
contains 5 copies of SIE (sis-inducing factor), which drives 
luc2P expression and transfects the plasmid into 293T cells. 
Throughout the experiment, pRL-TK Renilla luciferase plasmid 

was used to maintain constant total transfected DNA in each 
pore. After 72 h of transfection, the cells were harvested and 
the activity of luciferase was determined by use of a double-
luciferase reporting and analysis system.

Statistical analysis

All results were denoted as mean±SD and analyzed using 
GraphPad Prism (Version X; La Jolla, CA, USA). Differences 
were analyzed using the t test or Tukey-Kramer post hoc 
test. Differences at P<0.05 were considered to be statisti-
cally significant.

Results

MCF-7-R cells showed stronger stemness than the wild-
type MCF-7 cells

We first compared the stemness of MCF-7-R cells and MCF-7 
cells. As shown in Figure 1A, MCF-7-R cells exhibited high-
er ALDH1 activity than MCF-7 cells. Additionally, a stronger 
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Figure 1.  MCF-7-R cells exhibited stronger stemness than did MCF-7 cells. (A) ALDH1 activity was examined in MCF-7-R and MCF-7 
cells. (B, C) The spheroid forming ability was evaluated in MCF-7-R and MCF-7 cells at various dilutions. (D, E) QRT-PCR and 
western blot analysis of the expression of critical stemness regulators in MCF-7-R and MCF-7 cells. ** p<0.01 vs. MCF-7.
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spheroid formation capacity was observed in MCF-7-R cells 
than in MCF-7 cells at diluted concentrations (2000 cells/ml, 
1000 cells/ml, and 500 cells/ml), which was evident by the in-
creased sphere size and number (Figure 1B, 1C). Furthermore, 
the expression of critical regulators of stemness was examined 
in MCF-7-R and MCF-7 cells, and the expression levels of stem-
ness markers displayed a higher level in MCF-7-R cells than in 
MCF-7 cells (Figure 1D, 1E). These results suggest that MCF-7-R 
cells have stronger stemness than the parental MCF-7 cells.

NP exerts stronger cytotoxicity on MCF-7-R cells than on 
MCF-7 cells

We assessed the effects of NP on MCF-7-R and MCF-7 cells. 
As shown in Figure 2A, NP exhibited a stronger inhibitory effect 
on MCF-7-R cell viability than on MCF-7 cells, characterized by 
lower IC50 value (15.74 μM for MCF-7-R vs. 49.91 μM for MCF-7). 
Then, we evaluated the effects of NP on MCF-7-R and MCF-7 
cell apoptosis and found that NP increased the expression of 
apoptotic executors (Cleaved PARP and Cleaved caspase 3) in 

MCF-7-R cells but had little effect on MCF-7 cells (Figure 2B, 2C). 
Thus, our results demonstrated that NP selectively kills MCF-7-R 
cells but not MCF-7 cells.

NP reduces the stemness of MCF-7-R cells

Since we confirmed that MCF-7-R cells exhibited a stronger 
stemness than MCF-7 cells, and because we found fewer CSCs 
in MCF-7 cells [16], we wondered whether NP specifically kills 
CSCs existing in these 2 cell lines so that NP exhibits a stron-
ger cytotoxicity in MCF-7-R cells than in MCF-7 cells. Figure 3A 
shows that NP reduced the ALDH activity of MCF-7-R cells in a 
concentration-dependent fashion. Moreover, NP suppressed the 
self-renewal ability of MCF-7-R cells, as shown by decreasing 
spheroid size and numbers at various dilutions (Figure 3B, 3C). 
Moreover, the expression of stemness critical regulators (Oct4, 
Nanog, and Sox2) was decreased by NP in MCF-7-R cells in a 
concentration-dependent manner (Figure 3D, 3E). Collectively, 
these results indicate that NP attenuates the stem cell-like 
traits of MCF-7-R cells.
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Figure 2.  NP exerted stronger cytotoxicity in MCF-7-R cells than in MCF-7 cells. (A) The IC50 value of NP in MCF-7-R and MCF-7 cells 
was determined 48 h after cells were exposed to NP. (B, C) Western blot analysis of the expression of cleaved PARP and 
cleaved caspase 3 was examined in MCF-7-R and MCF-7 cells treated with different concentration of NP.
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NP attenuates the stemness of MCF-7-R cells through 
suppressing STAT3 activation

As NP has been shown to be an inhibitor of STAT3, we specu-
lated that NP might suppress the stem cell-like traits of MCF-7-R 
cells through inhibiting STAT3 activation. First, we evaluated 
STAT3 activity by performing luciferase reporter analysis and 
showed that STAT3 activity was higher in MCF-7-R cells than 
in MCF-7 cells (Figure 4A). We also found that STAT3 activity 
was decreased by NP in MCF-7-R cells (Figure 4B). Western 
blot assay revealed that NP blocked the expression of phos-
phorylated STAT3 and total STAT3 in both Tyr705 and Ser727 
sites (Figure 4C). It has been demonstrated that IFN-g acti-
vates STAT3 phosphorylation and STAT3-dependent transcrip-
tion. To further study the effect of NP on STAT3 activation in 
MCF-7-R cells, we assessed its effect on IFN-g-dependent regu-
lation and activation of STAT3. As shown in Figure 4D, NP also 
blocks IFN-g-activated induction of STAT3 expression in MCF-7-R 
cells. As previous studies have shown that STAT3 serves as an 
upstream regulator of c-Myc and Bcl-xl, we further assessed 

the effects of NP on c-Myc and Bcl-xl expression. Western blot 
analysis showed that NP decreased c-Myc and Bcl-xl expres-
sion in MCF-7-R cells in a concentration-dependent manner 
(Figure 4E). We further assessed whether NP attenuates the 
stem cell-like traits of MCF-7-R cells through STAT3. We found 
that STAT3 expression was overexpressed in MCF-7-R cells af-
ter NP treatment, and the transfection efficiency was confirmed 
by Western blot analysis (Figure 4F). Notably, STAT3 overex-
pression rescued the inhibitory effects of NP on the stemness 
of MCF-7-R cells (Figure 4G–4J).

NP reverses MCF-7-R resistance to TAM

Finally, we evaluated the effects of NP on the resistance or sen-
sitivity of MCF-7-R and MCF-7 cells, respectively. Cell viability 
assay showed that NP enhanced the sensitivity of MCF-7 cells 
to TAM (Figure 5A) and reversed TAM resistance of MCF-7-R 
cells (Figure 5B). Western blot analysis of the expression of 
apoptotic executors (Cleaved PARP and Cleaved caspase 3) 
produced consistent results (Figure 5C, 5D). Collectively, these 
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Figure 3.  NP reduced the stemness of MCF-7-R cells. (A) Analysis of ALDH activity in MCF-7-R cells treated with different 
concentrations of NP. (B, C) Analysis of spheroid formation ability was performed in MCF-7-R cells treated with different 
concentrations of NP. (D, E) Western blot analysis of the expression of critical stemness regulators was carried out in 
MCF-7-R cells treated with different concentrations of NP. * p<0.05, ** p<0.01 vs. control.
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results suggest that NP attenuates TAM resistance of ER+BC 
cells by reducing their stemness.

Discussion

In the past 30 years, TAM, an ER antagonist, has become the 
most commonly used therapeutic drug in endocrine therapy 

of ER+BC [1]. However, TAM resistance has become a major 
problem in clinical practice. It has been found that BCSCs are 
resistant to radiotherapy and chemotherapy, and therefore are 
crucial to the occurrence and development of BC [17]. Studies 
have shown that ER+ MCF-7 cells are resistant to tamoxifen, 
accompanied by increased invasive ability and occurrence of 
EMT (epithelial-mesenchymal transition) [4]. The EMT process 
is tightly and positively associated with BCSC progression [18], 
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which agrees with our results showing that MCF-7-R cells ex-
hibit a stronger stemness than do MCF-7 cells. Additionally, 
a previous study has indicated a potential role of stem-like cells 
in TAM resistance [19], and expression of the embryonal stem 
cell transcription factor Oct4 predicts poor clinical outcome 
and tamoxifen resistance [8]. Moreover, CD44(+)CD24(–/low) 
BCSCs are resistant to TAM, and this resistance is mediated by 
STAT3 [20]. Our study is the first to show that NP reduces the 
stemness and reverses TAM resistance of MCF-7-R cells. This 
was evidenced by the following results: Firstly, MCF-7-R cells 
exhibited a stronger stemness than in the wild-type MCF-7 
cells. Secondly, NP exerted a stronger and more specific cy-
totoxicity on MCF-7-R and MCF-7 cells. Third, NP attenuated 
MCF-7-R cell stemness in a concentration-dependent manner. 
Fourthly, NP enhanced the sensitivity of MCF-7 cells to TAM 
and reversed the resistance of MCF-7-R cells to TAM.

Mechanistically, the present study shows that NP attenuates 
MCF-7-R cell stemness through suppressing STAT3 transcrip-
tional activity. STAT3 transcription activity regulates the prolif-
eration, survival, apoptosis and drug resistance of cancer cells 

and CSCs [21,22]. Previous studies have shown that STAT3 is 
indispensable to these properties and functions of CSCs, and 
activation of STAT3 (phosphorylation of Y705 and S727) trig-
gers gene expression that controls CSCs progression. For exam-
ple, activation of STAT3 shifts non-CSCs dynamics to CSCs [23]; 
the IL-22 receptorhi population from pancreatic cancer cells has 
higher stemness and enhances the stemness and tumorigenicity 
through activating STAT3 signaling [24]; and Aquaporin 3 main-
tains the stem cell-like properties of hepatoma cells by activat-
ing STAT3 signaling [25]. Notably, STAT3 has become a poten-
tial drug target for cancer cells and CSCs. For example, NP was 
found to inhibit STAT3 activity and thus attenuate the stem-
ness of lung cancer cells [26], colon cancer cells [11], and bili-
ary tract cancer cells [27]. NP is currently being investigated in 
gastric cancer CSCs in the phase III BRIGHTER trial, based on 
the reported phase I and II results [28,29]; however, the roles 
of NP in ER+BC cells are still unclear. We are the first to con-
firm the roles of NP in attenuating the stemness of ER+BSCSs 
and TAM resistance. It must be noted that our conclusions need 
to be confirmed by in vivo experiments, and it is still unclear 
whether NP has similar effects on other types of BC and tumors.
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Conclusions

Collectively, our results indicate that NP reduces the stem-
ness of BCSCs and thus reverses the resistance of MCF-7-R 
cells to TAM, providing a potential drug for combined use in 
ER+BC treatment.
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