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Abstract

The aim of this study is to investigate the efficacy of combining a histone deacetylase inhibitor 

(LBH589) and a breast cancer stem cells (BCSC)-targeting agent (salinomycin) as a novel 

combination therapy for triple-negative breast cancer (TNBC). We performed in vitro studies 

using the TNBC cell lines to examine the combined effect. We used the mammosphere and 

ALDE-FLUOR assays to estimate BCSC self-renewal capacity and distribution of BCSCs, 

respectively. Synergistic analysis was performed using CalcuSyn software. For in vivo studies, 

aldehyde dehydrogenase 1 ALDH1-positive cells were injected into non-obese diabetic/severe 

combined immunodeficiency gamma (NSG) mice. After tumor formation, mice were treated with 

LBH589, salinomycin, or in combination. In a second mouse model, HCC1937 cells were first 

treated with each treatment and then injected into NSG mice. For mechanistic analysis, 

immunohistochemistry and Western blot analysis were performed using cell and tumor samples. 

HCC1937 cells displayed BCSC properties including self-renewal capacity, an ALDH1-positive 

cell population, and the ability to form tumors. Treatment of HCC1937 cells with LBH589 and 

salinomycin had a potent synergistic effect inhibiting TNBC cell proliferation, ALDH1-positive 

cells, and mammosphere growth. In xenograft mouse models treated with LBH589 and 

salinomycin, the drug combination effectively and synergistically inhibited tumor growth of 

ALDH1-positive cells. The drug combination exerted its effects by inducing apoptosis, arresting 

the cell cycle, and regulating epithelial–mesenchymal transition (EMT). Combination of LBH589 

and salinomycin has a synergistic inhibitory effect on TNBC BCSCs by inducing apoptosis, 

arresting the cell cycle, and regulating EMT; with no apparent associated severe toxicity. This 

drug combination could therefore offer a new targeted therapeutic strategy for TNBC and warrants 

further clinical study in patients with TNBC.

Correspondence to: Shiuan Chen, schen@coh.org.

Electronic supplementary material The online version of this article (doi:10.1007/s10549-015-3376-5) contains supplementary 
material, which is available to authorized users.

Conflict of interest The authors declare that they have no conflict of interest.

HHS Public Access
Author manuscript
Breast Cancer Res Treat. Author manuscript; available in PMC 2016 June 01.

Published in final edited form as:
Breast Cancer Res Treat. 2015 June ; 151(2): 281–294. doi:10.1007/s10549-015-3376-5.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Triple-negative breast cancer (TNBC); Breast cancer stem cells (BCSCs); Histone deacetylase 
(HDAC) inhibitor; LBH589 (panobinostat); Salinomycin

Introduction

Breast cancer is the second leading cause of cancer-related deaths among women in the 

United States with over 232,000 new diagnoses expected in 2014 and approximately 40,000 

deaths [1]. Triple-negative breast cancer (TNBC) accounts for approximately 15 % of all 

breast cancers [2] and is defined by absence of the estrogen receptor (ER) and progesterone 

receptor (PR), and no amplification [based on immunohistochemistry (IHC) analysis] of the 

human epidermal growth factor receptor 2 (HER2) [3–5]. TNBC is an aggressive breast 

cancer subtype that does not respond to targeted therapies [6], and patients with TNBC have 

a poorer prognosis than patients with hormone receptor-positive or HER2-positive cancers 

[7].

The aggressive nature of TNBC may be explained in part by the presence of breast cancer 

stem cells (BCSCs) within TNBC tumors. Cancer stem cells (CSCs) have the ability to self-

renew [8], invade [9], and metastasize [10], and are resistant to conventional chemotherapy 

and radiation therapy causing cancer recurrence after treatment [11–13]. BCSCs are defined 

by expression of the CD44 cell-surface marker and low or no expression of CD24 (CD44+ 

CD24−/low) as well as expression of aldehyde dehydrogenase 1 (ALDH1) [14, 15]. BCSCs 

have been shown to possess the same qualities as CSCs, forming tumors in vivo [14, 15] and 

playing an important role in epithelial–mesenchymal transition (EMT) [16–18], a process 

that leads to invasion and metastasis [19, 20]. Development of effective novel therapies that 

target BCSCs in TNBC may therefore provide new therapeutic options for patients with 

TNBC.

Histone deacetylase (HDAC) inhibitors are a new class of anti-cancer drugs [21] being 

trialed in solid tumors [22]. They act by modifying gene expression to restore normal 

differentiation or apoptotic pathways to transformed cancer cells [23]. This class of drugs 

may also be useful to treat TNBC. We previously showed that the HDAC inhibitor LBH589 

(panobinostat) can suppress aromatase expression in a promoter-specific manner [24] and 

inhibit aromatase inhibitor (AI)-resistant tumor growth [25]. LBH589 has also been shown 

to suppress TNBC cell growth [26]. Combining LBH589 with drugs that target BCSCs may 

further improve the efficacy of treatment for TNBC.

Salinomycin (an antibiotic used in farm animals [27]), was identified as an effective anti-

BCSC compound by high-throughput screening [28]. Salinomycin alone has been shown to 

inhibit BCSCs in TNBC [28, 29] and when used in combination with HDAC inhibitors in 

glioblastoma, it enhanced lethality in stem-like glioblastoma cells [30]. These studies 

suggest that combining an HDAC inhibitor such as LBH589 with salinomycin in TNBC 

could provide an effective targeted therapy for patients with TNBC. However, a better 

understanding of the efficacy and potential side effects of this novel combination therapy is 

still required.
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In the current study, we performed in vitro and in vivo studies to determine the synergy 

between LBH589 and salinomycin in TNBC and establish the clinical utility of this novel 

targeted combination therapy in TNBC.

Materials and methods

Cell culture

The HCC1937, MDA-MB-231, MCF7, and SK-BR-3 breast cancer cell lines were obtained 

from the American Type Culture Collection (ACTT) (Manassas, VA, USA). HCC1937 cells 

were maintained in 1:1 DMEM supplemented with 10 % fetal bovine serum and the 

Mammary Epithelial Cell Growth Medium (MEGM) Bullet Kit (Lonza, Walkersville, MD, 

USA). MDA-MB-231, MCF7, and SK-BR-3 cells were maintained in RPMI 1640 

supplemented with 10 % fetal bovine serum and 1 % penicillin/streptomycin. Cells were 

maintained at 37 °C under 5 % CO2.

Mammosphere culture

A mammosphere assay was used to estimate BCSC self-renewal capacity in HCC1937, 

MDA-MB-231, MCF7, and SK-BR-3 breast cancer cells. Please see supplementary 

materials for detailed procedures.

ALDEFLUOR assay and cell sorting

ALDEFLUOR analysis was used to monitor the distribution of TNBC BCSCs in LBH589 

and/or salinomycin treated samples by detecting cells that expressed ALDH1. The 

ALDEFLUOR assay was carried out using the ALDEFLUOR kit according to the 

manufacturer’s instructions (Stem Cell Technologies, Vancouver, BC, Canada). Please see 

supplementary materials for detailed procedures.

MTT assay and synergistic analysis

To determine the effect of HDAC inhibitors on TNBC cell proliferation, we performed the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HCC1937 and 

MDA-MB-231 cells were seeded in 96-well plates at a concentration of 2000 cells per well 

in 100 μl of appropriate culture media for each cell line (as described above). After 24 h 

incubation at 37 °C, cells were treated with either LBH589 (4, 8, 16, 32, and 64 nM), 

entinostat (2.4, 4.8, 9.6. 19.2, 38.4 nM, 9.357, 18.75, 37.5, 75, and 150 μM), or the drugs 

described below; dimethyl sulfoxide (DMSO) was added as a negative control. After 

treatment, cells were cultured for 6 days. On days 3 and 6, MTT reagent was added to each 

well and incubated for 1 h at 37 °C. The absorbance was measured at 570 nm on days 3 and 

6 using a 96-well plate reader. A synergistic analysis was performed using CalcuSyn 

software, version 2 (Biosoft, Cambridge, UK) and the Chou–Talalay method [31].

The Notch, Hsp90, Hedgehog, and NFκB pathways have been shown to be important for 

BCSCs [32]. Based on this information we chose to test drugs that inhibited these pathways 

and may have a synergistic effect on inhibiting TNBC cell proliferation when combined 

with HDAC inhibitors. We tested MK0752 (Selleckchem, Houston, TX, USA) (Notch 

pathway inhibitor), 17-DMAG (Drug Synthesis and Chemistry Branch, Developmental 
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Therapeutics Program, National Cancer Institute, Bethesda, MD, USA) (Hsp90 inhibitor), 

GDC0449 (Selleckchem, Houston, TX, USA) (Hedgehog pathway inhibitor), and 

parthenolide (Sigma-Aldrich, St. Louis, MO, USA) (NFκB inhibitor). We also tested 

salinomycin (Sigma-Aldrich, St. Louis, MO, USA) based on the study by Gupta et al. [28].

Mouse xenograft treatment models

All animal research procedures were approved by the institutional animal care and use 

committee (IACUC) at City of Hope for assessment and accreditation of laboratory animal 

care, and were in accordance with NIH guidelines. To determine how LBH589 and 

salinomycin affected tumorigenicity of TNBC BCSCs, two mouse models were generated. 

In the first model, ALDH1-positive and -negative cells from the HCC1937 cell culture were 

identified using the ALDEFLUOR assay and sorted using the FAC-SAria III. 1 × 105 

ALDH1-positive or -negative HCC1937 cells were then each injected into the fourth 

mammary pads of NOD/SCID/interleukin 2 gamma-receptor-null (NSG) mice. According to 

previously described methods [28], after confirming tumor growth, mice were divided into 

four treatment groups: vehicle (5 % dextrose), LBH589 (10 mg/kg), salinomycin (5 mg/kg), 

or a combination of both drugs. Drugs were administered by intraperitoneal injection 3 times 

per week. Tumor size was measured once a week using calipers, and tumor volume was 

calculated using the formula 3/4π × L × W2×1/8 (L: length; W: width; mm). Food intake 

and body weight were measured weekly to monitor toxicity associated with the treatments. 

In the second mouse model, according to previously described methods [28], HCC1937 cells 

were treated in vitro with vehicle (DMSO), LBH589 (32 nM), salinomycin (120 nM), or a 

combination treatment of both drugs for 3 days; drugs were removed by changing medium 

for 4 days for cell recovery. Cells (1 × 105 or 1 × 104) were then injected into NSG mice. 

Tumor size was measured once a week for 12 weeks.

Western blot and IHC analysis

Please see supplementary materials for procedures.

Statistical analysis

Statistical analyses were performed using Excel 2010 software (Microsoft, Redmond, WA, 

USA). All analyses were subjected to unpaired student’s t test. p < 0.05 was considered 

statistically significant.

Results

HCC1937 TNBC cells display BCSC properties

To determine which breast cancer cell lines had BCSC properties, we performed the 

mammosphere and ALDEFLUOR assays using the HCC1937, MDA-MB-231, MCF7, and 

SK-BR-3 cell lines (Fig. 1 and Supplementary Fig. 1). Of the four cell lines tested, only 

HCC1937 cells formed mammospheres (Fig. 1a) and expressed ALDH1 (12 % positive 

cells) (Fig. 1b). To determine the tumor-forming ability of ALDH1-positive versus ALDH1-

negative cells, ALDH1-positive and -negative HCC1937 cells were each injected into NSG 

mice. Only ALDH1-positive HCC1937 cells formed tumors (Supplementary Fig. 1).
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HDAC inhibitors suppress TNBC cell proliferation and self-renewal

To determine the effect of HDAC inhibitors on TNBC cell proliferation, we performed the 

MTT assay. LBH589 and entinostat, which have previously been tested in clinical trials 

[33], were tested in this assay. The effects of these two HDAC inhibitors on the proliferation 

of HCC1937 and MDA-MB-231 cells (both TNBC cell lines) were determined (Fig. 2). 

Both drugs inhibited the proliferation of both cell lines in a dose-dependent manner (Fig. 2a, 

b). The IC50 values of LBH589 and entinostat were 68.8 and 3.93 nM (MDA-MB-231 cells) 

and 13.1 nM and 1.35 μM (HCC1937 cells). To determine the effect of HDAC inhibitors on 

TNBC BCSC cell self-renewal, HCC1937 mammospheres were treated with LBH589 and 

entinostat alone. Both LBH589 and entinostat significantly suppressed mammosphere 

growth (Fig. 2c, d).

Combination of LBH589 and salinomycin synergistically inhibits TNBC cell proliferation

To determine which drug combinations improved the efficacy of LBH589 against TNBC, 

we first examined the effects of MK0752, 17-DMAG, GDC0449, parthenolide, and 

salinomycin alone on cell proliferation using the MMT assay (Fig. 3 and Supplementary Fig. 

2). Only 17-DMAG, parthenolide, and salinomycin inhibited TNBC cell proliferation in a 

dose-dependent manner (Fig. 3a and Supplementary Fig. 2A). Parthenolide (NFκB inhibitor) 

and salinomycin were selected for the further study in combination with LBH589 because 

NFκB inhibitors have been shown to inhibit BCSCs in mouse xenograft models [34], and 

salinomycin was previously identified as the most effective anti-BCSC drug among 16,000 

compounds by high-throughput screening [28]. Both drug combinations inhibited TNBC cell 

proliferation in a dose-dependent manner (Fig. 3b). However, analysis of the synergistic 

effect revealed that only LBH589 and salinomycin synergistically inhibited HCC1937 and 

MDA-MB-231 cell proliferation (Fig. 3c and Supplementary Fig. 2B).

Combination of LBH589 and salinomycin inhibits TNBC BCSC cell self-renewal

To determine the effect of LBH589 and salinomycin on TNBC BCSC cell self-renewal, we 

performed the mammosphere and ALDEFLUOR assays using HCC1937 cells (Fig. 4). 

LBH589 and salinomycin alone both reduced the number of HCC1937 mammospheres in a 

dose-dependent manner; and combination of LBH589 and salinomycin significantly reduced 

the number of mammospheres compared with the control or other treatment groups (Fig. 4a, 

b). LBH589 and salinomycin alone also both reduced the ALDH1-positive cell population in 

HCC1937 cells in a dose-dependent fashion; and combination of LBH589 and salinomycin 

had the strongest effect on reducing ALDH1-positive cells compared with the control and 

other treatment groups (Fig. 4c, d).

Combination of LBH589 and salinomycin reduces TNBC BCSC tumorigenicity

To determine the effect of LBH589 and salinomycin on the tumorigenicity of TNBC 

BCSCs, we generated xenograft mouse models (Fig. 5 and Supplementary Fig. 3). 

Combination of LBH589 and salinomycin significantly reduced tumor growth compared 

with the treatment of LBH589 or salinomycin alone (p < 0.05) (Fig. 5a); tumor weight was 

also lowest in the combination treatment group (Fig. 5b). There was no significant 

difference in body weight and food intake between the four treatment groups (Fig. 5c, d).
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We harvested tumor tissue from all mice and performed IHC analysis to examine tumor cell 

proliferation. Expression of Ki67, a marker of cell proliferation, was significantly lower in 

mice treated with both LBH589 and salinomycin compared with the control and single-

treatment groups (Fig. 5e). Furthermore, in mice injected with HCC1937 cells pretreated 

with LBH589, salinomycin, or both drugs, the tumors resulting from HCC1937 cells 

pretreated with a combination of LBH589 and salinomycin were significantly smaller than 

those of the other treatment groups (Supplementary Fig. 3).

Combination of LBH589 and salinomycin induces apoptosis and cell cycle arrest in TNBC 
BCSCs

LBH589 and salinomycin alone can each induce apoptosis in cancer cells [26, 35]. To 

evaluate the combined effect of LBH589 and salinomycin on apoptosis of TNBC BCSCs, 

we performed IHC analysis using HCC1937 cells (Fig. 6). A larger amount of nuclear 

fragmentation, indicative of apoptosis [36], was detected in cells treated with LBH589 and 

salinomycin alone compared with control cells; and combination of the two drugs further 

increased nuclear fragmentation (Fig. 6a). Furthermore, activated PARP, a specific marker 

of apoptosis, increased in HCC1937 cells after treatment with LBH589 and salinomycin 

alone in a dose-dependent manner compared with control cells; and combination of the two 

drugs resulted in the highest PARP expression observed (Fig. 6b).

The p21 gene is a tumor suppressor gene that regulates the cell cycle by binding to the 

cyclin D1/CDK4/6 complex. To evaluate the combined effect of LBH589 and salinomycin 

on cell cycle regulation in TNBC BCSCs, we performed IHC analysis using HCC1937 cells. 

Expression of p21 was up-regulated in cells treated with LBH589 or salinomycin alone in a 

dose-dependent manner compared with control cells; and combination of the two drugs 

resulted in the highest p21 expression observed. Cyclin D1 was also down-regulated by 

combination treatment with LBH589 and salinomycin (Fig. 6c).

We also examined histone acetylation because LBH589 is thought to induce the acetylation 

of histone H3 and H4, and acetylated histone H3 and H4 activates transcription of p21 [37, 

38]. Expression of acetylated histone H3 and H4 was increased in cells treated with LBH589 

or salinomycin alone in a dose-dependent manner compared with control cells; and 

combination of the two drugs further increased expression of acetylated histone H3 and H4 

(Fig. 6c).

Combination of LBH589 and salinomycin suppress TNBC BCSCs by regulating EMT

To examine the effect of LBH589 and salinomycin on the “stemness” of TNBC BCSCs, we 

analyzed expression of EMT-related genes (E-cadherin, vimentin, N-cadherin, and SLUG) 

by IHC analysis in ALDH1-positive and -negative HCC1937 cells because cancer cell 

“stemness” has been associated with EMT [16–18]. Prior to treatment, expression of E-

cadherin was low and vimentin was high in ALDH1-positive cells compared with ALDH1-

negative cells (Fig. 6d). After treatment, E-cadherin was up-regulated by LBH589 in a dose-

dependent manner and was further up-regulated by the combination of LBH589 and 

salinomycin in HCC1937 cells. Vimentin was down-regulated by salinomycin in a dose-

dependent manner, and was slightly down-regulated by the combination of LBH589 and 
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salinomycin in a dose-dependent manner compared to treatment with LBH589 alone in 

HCC1937 cells (Fig. 6e). Finally, N-cadherin and SLUG were each down-regulated by 

LBH589 and salinomycin alone in a dose-dependent manner; and combination of the two 

drugs further decreased expression of each of these EMT-related genes in HCC1937 cells 

(Fig. 6e).

To determine if combination of LBH589 and salinomycin regulates EMT-related markers in 

vivo, we analyzed expression of E-cadherin and vimentin in tumor tissue from xenograft 

mouse models treated with LBH589 and salinomycin. E-cadherin was up-regulated in 

tumors from mice treated with LBH589 and salinomycin alone compared with controls; and 

combination of the two drugs further increased tumor expression of E-cadherin. Vimentin 

was down-regulated in tumors from mice treated with LBH589 and salinomycin alone 

compared with controls; and combination of the two drugs decreased tumor expression of 

vimentin compared with treatment with LBH589 alone (Fig. 6f).

Discussion

The dysregulation of HDAC in cancer cells leads to changes in gene expression and 

promotes cancer cell viability [39]. Drugs that inhibit HDAC in cancer cells (HDAC 

inhibitors) therefore offer promise as anti-cancer agents [23, 33, 40, 41]. LBH589 

(panobinostat) is a potent HDAC inhibitor that blocks pan-deacetylase and has demonstrated 

activity against all Class I, II, and IV HDAC enzymes [42]. In preclinical studies, LBH589 

inhibited TNBC cell growth, decreased tumorigenesis in mice, and partially reversed EMT 

[26, 43]. Combination of LBH589 with chloroquine inhibited TNBC cell growth and 

increased survival of TNBC cell xenografts [44]. In clinical studies, LBH589 has been 

trialed as a single agent in patients with solid tumors [23] and has also been evaluated in 

Phase I trials in combination with other drugs [45, 46]. In patients with metastatic breast 

cancer, LBH589 in combination with trastuzumab was well-tolerated and resulted in a 29 % 

tumor reduction in 2/18 patients [45], and LBH589 in combination with letrozole was well-

tolerated (LBH589 at 20 mg), and 1/12 patients had a confirmed partial response [46].

It has been suggested that HDAC inhibitors may be effective in the treatment of breast 

cancer because of their ability to target BCSCs decreasing proliferation of ALDH1-positive 

cells and decreasing the formation of breast cancer mammospheres [47]. In light of all of 

these studies, we determined the effect of LBH589 on TNBC cell lines with BCSC 

properties. We showed that the HCC1937 TNBC cell line has BCSC properties including 

self-renewal capacity, an ALDH1-positive cell population, and the ability to form tumors. 

We also showed that LBH589 not only effectively inhibited proliferation and mammosphere 

formation and growth in these cells, but also decreased the number of ALDH1-positive cells.

BCSC population was first identified by Al-Hajj et al. using the combination of cell-surface 

markers CD44 and CD24 [14]. They showed CD44+ CD24−/low population could form 

tumors in NOD/SCID mice even in the low cell numbers and concluded that this small 

population had tumor initiating capacity, which can be defined as BCSC population. 

Furthermore, ALDH1 was reported as a novel BCSC marker by Ginestier et al. [15]. 

According to their report, only ALDH1 + population could make tumors in mice even in low 
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cell numbers whereas CD44+ CD24− could not. Based on these findings, in many recent 

reports, ALDH1 has been used for BCSC assays, it can predict prognosis in patients, and it 

is thought to be a potent BCSC marker [48–53]. In addition, ALDH1 is associated with 

basal-like subtype which is roughly equal to TNBC. On the other hand, CD44+ CD24− is 

reported to be associated with luminal B subtype [54]. Therefore, in our study, we adopted 

ALDH1 as a BCSC marker in TNBC.

Developing novel therapies that target BCSCs has recently become one of the most exciting 

areas of pharmaceutical research. The Hedgehog, Notch, and Wnt signaling pathways have 

been suggested as attractive therapeutic targets because of their demonstrated roles in 

oncogenesis regulating CSC renewal and maintenance, and selective inhibition of specific 

pathway components using BCSC-targeted drugs has been reported [32, 55]. Use of heat 

shock protein 90 (Hsp90) inhibitors have also been investigated as BCSC-targeted therapies 

because Hsp90 is over-expressed in ALDH1-positive BCSCs, and Hsp90 inhibitors have 

been shown to reduce this cell population [56]. Drugs that inhibit the NFκB pathway, such 

as parthenolide and pyrrolidinedithiocarbamate, may also be effective as they have been 

shown to preferentially inhibit BCSCs in mouse xenograft models [34]. Salinomycin was 

also recently identified as a potent selective inhibitor of BCSCs, reducing BCSCs by >100-

fold relative to paclitaxel [28]. Taking the reported data into consideration, we chose several 

candidate drugs to combine with LBH589 to target BCSCs in TNBC. Of all the drug 

combinations tested, we found that treatment of HCC1937 cells with LBH589 and 

salinomycin had a potent synergistic effect inhibiting TNBC cell proliferation and 

mammosphere growth. Furthermore, in xenograft mouse models treated with a combination 

of LBH589 and salinomycin, this drug combination effectively and synergistically inhibited 

tumor growth of ALDH1-positive cells (BCSCs) with no significant difference in body 

weight and food intake; thus, suggesting that the dosage and schedule of the drugs are not 

associated with severe toxicity.

Salinomycin is a monocarboxylic polyether organic anion used widely in poultry as an anti-

coccidiosis antibiotic and is fed to ruminant animals to improve feed efficiency [27, 57]. 

Salinomycin has not typically been used in humans because of associated toxicities observed 

in other mammals such as horses, pigs, cats, and alpacas [58, 59]. The first therapeutic use 

of salinomycin in humans was in a pilot clinical trial with a small cohort of patients with 

metastatic breast, ovarian, and head and neck cancers [60]. Intravenous administration of 

200–250 μg/kg salinomycin every second day for 3 weeks in metastatic breast cancer 

patients resulted in partial regression of metastasis and showed only minor acute and long-

term side effects [60]. This data supports our preclinical findings and suggests that this drug 

may be a useful addition to the TNBC armamentarium.

To understand how the combination of LBH589 and salinomycin target BCSCs in TNBC, 

we examined the mechanisms underlying inhibition of BCSC proliferation and “stemness”. 

We showed that combination of LBH589 and salinomycin effectively and synergistically 

inhibited tumor growth of ALDH1-positive cells (BCSCs) by inducing apoptosis, arresting 

the cell cycle and regulating EMT. Apoptosis was observed by high levels of 4′,6-

diamidino-2-phenylindole (DAPI) staining that identified DNA fragmentation and high 

levels of cleaved PARP expression that serves as a marker of cells undergoing apoptosis 
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[61]. HDACs inactivate transcription of the cyclin-dependent kinase inhibitor p21 [62, 63]; 

p21 promotes cell cycle arrest in response to stimuli, including salinomycin [64, 65]; and 

HDAC inhibitors have been shown to induce acetylation of histones H3 and H4, which leads 

to activation of p21 and cell cycle regulation [37]. We showed that LBH589 increased the 

acetylation of histone H3 and H4 in a dose-dependent manner and that p21 expression was 

up-regulated by the combination of LBH589 and salinomycin more highly than with either 

drug alone, suggesting that this drug combination synergistically induces cell cycle arrest 

and apoptosis through the up-regulation of p21. The synergistic inhibitory effect of the drug 

combination on cell proliferation was also confirmed by our finding that expression of Ki67, 

a marker of cell proliferation, was significantly decreased in vivo by the combination of 

LBH589 and salinomycin compared with either drug alone. Finally, it has been suggested 

that EMT plays a role in cancer “stemness” [16–18] by down-regulating epithelial markers 

and up-regulating mesenchymal markers; and HDAC inhibitors and salinomycin have each 

been shown to reduce EMT [28, 43]. Our in vivo and in vitro mechanistic studies 

demonstrated that a combination of LBH589 and salinomycin up-regulates epithelial 

markers and down-regulates mesenchymal markers, and this combination suppresses BCSC 

through regulating EMT-related markers.

Conclusions

Combination of LBH589 and salinomycin has a synergistic inhibitory effect on TNBC cell 

proliferation, as well as on BCSC properties such as self-renewal capacity and ALDH1 

activity. This drug combination has a potent synergistic inhibitory effect on tumor growth of 

ALDH1-positive cells, does not appear to have any severe associated toxicity, and exerts its 

synergistic effects by inducing apoptosis, arresting the cell cycle, and regulating EMT in 

BCSCs. While neither of these drugs is currently used clinically, our study suggests that 

combination of an HDAC inhibitor and a BCSC-targeting agent, such as those described, 

could offer a new targeted therapeutic strategy for TNBC, and this drug combination 

warrants further clinical study in patients with TNBC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TNBC Triple-negative breast cancer

BCSC Breast cancer stem cell

ER Estrogen receptor
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PR Progesterone receptor

HER2 Human epidermal growth factor receptor 2

HDAC Histone deacetylase

ALDH1 Aldehyde dehydrogenase 1

EMT Epithelial–mesenchymal transition

DMSO Dimethyl sulfoxide

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NSG Non-obese diabetic/severe combined immunodeficiency gamma
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Fig. 1. 
Breast cancer cell lines with BCSC properties. a Mammosphere formation assay in MCF7, 

SK-BR-3, MDA-MB-231, and HCC1937 cells. Images show representative mammospheres 

in each cell line at day 5 of incubation. Original magnification: ×200. b ALDEFLUOR assay 

in breast cancer cell lines (HCC1937, MDA-MB-231, MCF7, and SK-BR-3). The upper 

panels show the negative controls (cells treated with DEAB, a specific inhibitor of ALDH1). 

Based on the negative control, the gated area was assigned as ALDH1-positive. Percentages 

of ALDH1-positive cell populations of each cell lines are shown in the lower panels
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Fig. 2. 
Effect of HDAC inhibitors on TNBC cell proliferation and mammosphere growth. 

HCC1937 and MDA-MB-231 cells treated with a LBH589 and b entinostat and cell 

viabilities assessed by MTT assay. c, d Single mammospheres collected and treated by 

DMSO, LBH589 (20 nM), and entinostat (300 nM). Pictures were taken on day 0, 2, 5, 7, 9, 

and 12. d Change in mammosphere volume ratio to day 0. The volume was calculated based 

on the radius of the mammosphere. Original magnification was ×200. The error bars 

represent mean ± SD. *p < 0.05; ***p <0.0005
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Fig. 3. 
Effect of LBH589 and salinomycin on TNBC cell proliferation. a HCC1937 and MDA-

MB-231 cells treated with parthenolide and salinomycin and cell viabilities assessed by 

MTT assay. b HCC1937 and MDA-MB-231 cells treated with a combination of 

parthenolide or salinomycin and LBH589 in different concentrations and cell viabilities 

assessed by MTT assay. c Synergistic analysis based on the MTT assay. The horizontal axis 

shows fraction affected (Fa) and the vertical axis shows combination index (CI). CI offers 

quantitative definition for additive effect (CI = 1), synergism (CI <1), and antagonism (CI > 

1) in drug combinations
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Fig. 4. 
Effect of LBH589 and salinomycin on TNBC BCSC self-renewal capacity and the TNBC 

BCSC population. a, b HCC1937 cells treated with DMSO, LBH589, salinomycin, or a 

combination of LBH589 and salinomycin in mammosphere culture conditions. a Images 

show representative mammospheres in each treatment at day 5. b Number of 

mammospheres>70 μm in each treatment group. c, d HCC1937 cells treated with DMSO, 

LBH589, salinomycin, or combination of LBH589 and salinomycin after ALDEFLUOR 

assays. c The panels show representative flow cytometry of ALDEFLUOR assays in each 

treatment condition. d The graph shows the ALDH1-positive cell population in each 

treatment condition. Original magnifications were ×200. The error bars represent mean ± 

SD. *p < 0.05; **p < 0.005; ***p < 0.005
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Fig. 5. 
Effect of LBH589 and salinomycin on tumorigenicity of TNBC cells. a Tumor volume 

change in NSG mice. Mice were treated with vehicle, LBH589, salinomycin, or a 

combination of LBH589 and salinomycin. Error bars represent mean ± SEM. b Final 

weight (g) of harvested tumors. Images show the tumors in each treatment condition. Scale 

bar: 2 cm. The error bars represent mean ± SEM. *p < 0.05. (c, d) Body weight (g) and 

food intake (g) per mouse were measured weekly. Error bars represent mean ± SEM. e IHC 

staining of Ki67 from harvested formalin-fixed tumors in each treatment condition. The 

upper panel shows representative images of each treatment condition. The lower panel 

shows the percentage of Ki67-positive cells in each treatment condition. Original 

magnifications were ×400. Error bars represent mean ± SD. *p < 0.05; **p < 0.005; ***p < 

0.005
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Fig. 6. 
Effect of LBH589 and salinomycin on cell cycle arrest, apoptosis, and EMT-related markers 

in TNBC BCSCs. a HCC1937 cells treated with vehicle (DMSO), LBH589 (4, 16, 64 nM), 

salinomycin (SAL) (15 nM, 60 nM, 240 nM), or the drugs combined. After 5 days of 

treatment, cells were stained with 10 ug/ml of DAPI. Representative images from each 

treatment condition are shown. Original magnification was ×200. b HCC1937 cells treated 

with LBH589, SAL, or the drugs combined for 48 h. Cell extracts were analyzed by Western 

blotting with anti-cleaved PARP and anti-GAPDH antibodies. c HCC1937 cells treated with 

LBH589, SAL, or the drugs combined for 48 h. Cell extracts were analyzed by Western 

blotting with anti-acetylated histone H3 and H4, anti-p21, anti-cyclin D1, and anti-GAPDH 

antibodies. d HCC1937 ALDH1-positive and -negative cell extracts were analyzed by 

Western blotting with anti-E-cadherin, anti-vimentin, anti-N-cadherin, anti-SLUG, and anti-

actin antibodies. e Proteins extracted from snap-frozen mouse tumors treated by vehicle, 

LBH589, SAL, or the drugs combined for 12 weeks and analyzed by Western blotting with 

anti-E-cadherin, anti-vimentin, and anti-actin antibodies
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