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Abstract

Purpose Breast cancer stem cells (CSCs) are a small subpopulation of cancer cells that have high capability for self-renewal,
differentiation, and tumor initiation. CSCs are resistant to chemotherapy and radiotherapy, and are responsible for cancer
recurrence and metastasis.

Methods By utilizing a panel of breast cancer cells and mammospheres culture as cell-based screening platforms, we per-
formed high-throughput chemical library screens to identify agents that are effective against breast CSCs and non-CSCs.
The hit molecules were paired with conventional chemotherapy to evaluate the combinatorial treatment effects on breast
CSCs and non-CSCs.

Results We identified a total of 193 inhibitors that effectively targeting both breast CSCs and non-CSCs. We observed that
histone deacetylase inhibitors (HDACi) synergized conventional chemotherapeutic agents (i.e., doxorubicin and cisplatin)
in targeting breast CSCs and non-CSCs simultaneously. Further analyses revealed that quisinostat, a potent inhibitor for
class I and IT HDACsS, potentiated doxorubicin-induced cytotoxicity in both breast CSCs and non-CSCs derived from the
basal-like (MDA-MB-468 and HCC38), mesenchymal-like (MDA-MB-231), and luminal-like breast cancer (MCF-7). It
was also observed that the basal-like breast CSCs and non-CSCs were more sensitive to the co-treatment of quisinostat with
doxorubicin compared to that of the luminal-like breast cancer subtype.

Conclusion In conclusion, this study demonstrates the potential of HDAC:i as therapeutic options, either as monotherapy or
in combination with chemotherapeutics against refractory breast cancer.
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Introduction

Increasing evidence indicates that many solid cancers,
including breast cancer, contain a small subpopulation
of cancer stem cells (CSCs) capable of self-renewal and
differentiation into various cell types, contributing to cel-
lular heterogeneity in tumors [1]. Breast CSCs are inher-
ently resistant to chemotherapy and radiotherapy, and are
a major factor contributing to treatment resistance, relapse,
and metastasis [2]. The elucidation of pathways that reg-
ulate these cells has led to the identification of several
potential therapeutic targets, including Wnt [1, 2], Notch
[1, 2], Hedgehog (Hh) [1, 2], mTOR [3, 4], CDK [5, 6],
and IGF-1R [7-9] signaling.

The initial description of human breast CSCs involved
the prospective isolation of the CSC populations based
on the positive expression of epithelial-specific antigen
(ESA) and CD44 cell surface markers and the absence of
CD24 expression [10]. The isolated breast CSCs (ESA*/
CD44%/CD247) were able to generate tumors in immu-
nosuppressed non-obese diabetic/severe combined immu-
nodeficient (NOD/SCID) mice with as little as 100 cells.
In contrast, the non-CSCs isolated from the same tumors
were non-tumorigenic and required 100-fold more cells
to generate a tumor in the NOD/SCID mice. Importantly,
the tumors generated from the isolated breast CSCs reca-
pitulated the heterogeneity of the original tumor upon
transplantation in mice, demonstrating the plasticity of
the breast CSCs [10].

Recently, it has been demonstrated that established
breast cancer cell lines contain cell hierarchies driven by
a population that expresses cancer stem cell markers [11,
12]. Indeed, breast CSCs isolated from primary cultures
of hormone-dependent and hormone-independent breast
tumors as well as the MCF7 cell line could be cultured
under anchorage-independent conditions to form clonal
mammospheres [13, 14]. The mammosphere model sys-
tem has been established in several breast cancer cell lines
and represents a robust in vitro model for studying breast
cancer initiation and screening for CSC-targeting agents
[14]. Importantly, the mammospheres in vitro assays have
been validated using xenotransplantation models, which
are considered to be the gold standard assay for cancer
stem cells. Using the mammosphere culture, our group and
others have previously identified metformin as a selective
breast CSC inhibitor [14-18].

Although development of CSC-targeted agents are
promising, CSC-specific agents (e.g., salinomycin and
abamectin) alone might not be effective in reducing the
tumor bulk (non-CSCs) because these inhibitors are less
potent compared to conventional chemotherapeutic agents
[19-21]. In this case, dual targeting agents or combination
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therapy consisting of CSC inhibitors and conventional
cytotoxic agents are expected to better eradicate both
CSCs and non-CSCs simultaneously, and hence improve
the clinical outcomes.

In the current study, we conducted a high-throughput
screens for small chemical inhibitors that kill breast CSCs
and non-CSCs simultaneously. We observed that histone
deacetylase inhibitors (HDACi) alone or in combination
with conventional chemotherapy were able to inhibit both
breast CSCs and non-CSCs simultaneously. Thus, this
combination could be considered as an effective therapeu-
tic strategy for breast cancer treatment.

Materials and methods
Cell lines and cell culture

MDA-MB-468, MDA-MB-231, HCC38, and MCF-7
breast cancer cell lines were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
Cells were maintained in RPMI 1640 (Corning Incor-
porated, New York, USA) containing 10% fetal bovine
serum (Sigma-Aldrich, St. Louis, MO, USA), 100 IU/mL
penicillin and 100 pg/mL streptomycin (Biowest, Nuaillé,
France). All breast cancer cells were kept in culture for
less than 6 months and maintained in logarithmic growth
in a humidified 37 °C, 5% CO, incubator.

Mammosphere culture

Mammosphere culture was performed as recommended by
Stem Cell Technologies. Briefly, all the cells were grown
in MammoCult™ Basal Medium (Stem Cell Technolo-
gies, Vancouver, BC, Canada) supplemented with Mam-
moCult™ Proliferation Supplement (Stem Cell Technolo-
gies, Vancouver, BC, Canada), 4 ug/mL heparin (Stem
Cell Technologies, Vancouver, BC, Canada), 0.48 pug/mL
hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA),
100 IU/mL penicillin, and 100 pg/mL streptomycin (Bio-
west, Nuaillé, France). The single cell suspensions of
breast cancer cells were cultured in clear 6-well ultra-
low attachment multiple well plates (Corning Incorpo-
rated, New York, USA) at humidified 37 °C, 5% CO, for
5 days. Mammospheres were collected by gentle centrifu-
gation and the pellets were gently triturated into single
sphere suspensions with trypsin—-EDTA (Sigma-Aldrich,
St. Louis, MO, USA). Enrichment of greater than 80%
of CD44%/CD24~"°% CSC mammospheres from existing
breast cancer cell lines is observed within 5 days of mam-
mosphere culture [13, 14].
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Chemical library screening

A chemical library consisting of 1672 diverse bioactive
small molecules was obtained from Selleckchem (Hou-
ston, TX, USA) to screen for candidate molecules tar-
geting the non-CSCs and/or CSCs in breast cancer. Both
MDA-MB-468 breast CSCs and non-CSCs in the loga-
rithmic growth phase were seeded overnight at a density
of 5000 cells/well, respectively, and treated with 10 uM of
each compound. The cells were then incubated at 37 °C in a
humidified 5% CO, incubator for 72 h. Cell proliferation was
examined using CellTiter-Glo® Luminescent Cell Viability
Assay (Promega Corporation, Madison, WI, USA) according
to the manufacturer protocol [22]. The luminescent signal
was measured by SpectraMax® M3 Multi-Mode Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA). Com-
pounds that induced growth inhibition of more than 50% in
CSCs and non-CSCs were considered as “hits”. The Redun-
dant siRNA Activity (RSA) analysis method was employed
to examine the rank distribution of the collective activities
based on the known target(s) of the compounds, and p values
were calculated to indicate the statistical significance of hit
compounds with the same targets being remarkably distrib-
uted toward the top ranking slots [23, 24].

Cell proliferation assays

The effects of drug combination treatment on breast CSCs
and non-CSCs cell proliferation were determined by CellTi-
ter 96® AQueous One Solution Cell Proliferation Assay
(also known as MTS assay; Promega Corporation, Madison,
WI, USA) and methyl thiazolyl tetrazolium (MTT) assay
(Sigma-Aldrich, St Louis, MI, USA), respectively [25, 26].
Briefly, breast CSCs and non-CSCs were seeded overnight
in 96-well plates at a density of 5000 cells/well and treated
with either HDACi alone (quisinostat, trichostatin A, givi-
nostat, entinostat, belinostat, and vorinostat), chemothera-
peutic agents alone (doxorubicin, cisplatin, and paclitaxel),
or in combination for 72 h. The absorbance of the formazan
solution as a result of cell-mediated reduction of MTT/MTS
by the viable cells was determined using a SpectraMax® M3
Multi-Mode Microplate Reader (Molecular Devices, Sunny-
vale, CA, USA) or Tecan Infinite® F200 Microplate Reader
(Tecan Group, Ltd., CH, Minnedorf, Switzerland) at 490 nm
or 570/630 nm, respectively.

CD44 and CD24 flowcytometry

Analysis of breast CSCs populations were performed on
single cell suspensions using flow cytometry as described
previously [14]. Briefly, cells were stained with CD44-APC
and CD24-PE (BD Biosciences, San Jose, CA, USA) for
30 min, washed, and re-suspended in PBS supplemented

with 1% FBS. CSCs populations in breast cancer cell lines
were identified as CD447/CD24". All cells were analyzed
using a FACSCalibur flow cytometer and the CellQuest Pro
software (version 5.1.1; BD Biosciences, USA) for acqui-
sition and Flowing Software (Version 2.5.0; University of
Turku, Turku, Finland) for data analysis.

Drug combination analyses

The combinatory effects of HDACi and chemotherapeutic
agents on breast CSCs and non-CSCs were evaluated using
the Chou-Talalay method and Highest Single Agent (HSA)
models. Multiple drug dose—effect calculations, combination
index (CI), and drug reduction index (DRI) were generated
using CalcuSyn version 2.1 software (Biosoft, Cambridge,
UK) according to the Chou—Talalay method, in which CI
values of <1, =1, and > 1 indicate synergism, additive
effect, and antagonism respectively as previously described
[27-29]. DRI values were used to describe the dose reduc-
tion potential of the agents when combined. In principle,
dose reduction potential with DRI>1 can be clinically
valuable in reducing the risk of developing drug toxicity
towards the host while retaining the therapeutic efficacy in
a synergistic drug combination [27, 30, 31]. Drug interac-
tion was further analyzed using the HSA model (Combenefit
software, Cancer Research UK Cambridge Institute) [32].

Results

Identification of chemical inhibitors targeting
breast CSCs and non-CSCs through high-throughput
phenotypic screens

A chemical library consisting of 1672 diverse bioactive
small molecules was used for rapid identification of can-
didate molecules that could target both breast CSCs and
non-CSCs. To determine the inhibitory effects of small mol-
ecules against breast CSCs and non-CSCs, a cell-based high-
throughput screen was performed using breast CSC-enriched
mammmospheres and parental breast cancer cells of MDA-
MB-468 (Fig. 1a). Of note, unlike the MDA-MB-231 and
SUM159 basal mesenchymal-like cell line (also known as
Basal B cell line) which mainly showed CD44"/CD24~ fea-
ture, the triple-negative (ER, PR and HER?2 negative) MDA-
MB-468 basal epithelial cells (also known as Basal A cell
line) mainly showed CD44%/CD24" feature with EGFR
amplification and p53 mutation, closely resembling the
refractory basal-like tumors in patients [14, 33-37].

As expected, the most malignant basal mesenchymal cell
line MDA-MB-231 mainly showed CD44 4+/CD24— fea-
ture (Fig. 1a,b), while the other three cell lines did not, in
accordance with the previous findings showing that CD44 +/
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Fig. 1 High-throughput phenotypic screens identifying 193 bioac-
tive small molecules targeting both MDA-MB-468 breast CSCs and
non-CSCs. a By combining the screening data from MDA-MB-468
breast CSCs and non-CSCs, compounds that exerted selective inhibi-
tory effects against both breast CSCs and non-CSCs were identi-
fied. Green circles, molecules targeting breast CSCs only; blue cir-
cles, molecules targeting breast non-CSCs; red circles, molecules
targeting both breast CSCs and non-CSCs; gray circles, molecules
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drogram of chemical structure similarities among the hits was con-
structed using extended-connectivity fingerprint 4 (ECFP 4) module
of the C-SPADE [72]. Note that the hits are structurally diverse and
do not share chemotype similarity to compounds within the same tar-
get class, with the exception of the EGFR inhibitors
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Table 1 Top ten inhibitors that target both CSCs and non-CSCs of
MDA-MB-468 breast cancer cells

Table2 Top ten targets of hit compounds identified to inhibit both
CSCs and non-CSCs of MDA-MB-468

Compounds Target Status in
clinical
testing

Ispinesib (SB-715992) Kinesin Phase 2

YMI155 Survivin Phase 2

JTC-801 Opioid Receptor ~ —

Azalomycin-B Unknown -

Nanchangmycin Unknown -

Obatoclax mesylate (GX15-070) Bcl-2 Phase 3

SB 743921 Kinesin Phase 1/2

Bortezomib (Velcade) Proteasome Phase 1/2

Fingolimod (FTY720) S1P Receptor Phase 4

LY2608204 Unknown Phase 2

CD24—/low is a stem-like marker highly related to the
malignance of breast cancer [19, 38, 39]. We also found
that the luminal A cell line MCF-7 and the HER2-OE cell
line SK-BR-3 were mainly composed of cells bearing the
CD44—/CD24+ phenotype, while the basal epithelial cell
line MDA-MB-468 mainly showed CD44+/CD24+ (Fig. 1a,
b).

Out of the 1672 compounds tested, a total of 193 (11.5%)
compounds were found to target both CSCs and non-CSCs
and were identified as hits (Fig. 1b and Table 1). These
include ispinesib (SB-715992) which has been recently
shown to target both treatment resistant glioblastoma CSCs
and non-CSCs [38]; YM155 which inhibits lung and breast
CSCs through attenuation of EGFR and NFxB pathways
[39, 40]; and nanchangmycin which exhibits apoptotic and
anti-proliferative activities against MCF-7 breast CSCs [41].
These findings independently validate the results of our pri-
mary screens.

Next, we sought to investigate whether the hits belong to
compound classes that share common molecular targets or
structure similarity. We ranked the targets of the hits using
the RSA method and identified Bcl-2, mTOR, CDK, HDAC,
and EGFR as the top five targets that when inhibited, elicit
growth inhibitory effects against both breast CSCs and non-
CSCs of MDA-MB-468 (Table 2). Importantly, most of the
identified hits (with the exception of EGFR inhibitors) are
structurally diverse and do not share chemotype similarity
to compounds within the same target class (Fig. 1c). These
findings suggest that the observed inhibitory effects are
likely to be driven by the inhibition of the molecular targets
and not by the chemotype similarity. Indeed, some of the top
ranking targets, such as mTOR and CDK, have also been
previously implicated in the regulation of cell survival in
both CSCs and non-CSCs in breast cancer, indicating that
these pathways are required the survival of both CSCs and
non-CSCs [3, 5, 6, 42, 43].

Rank Target Hits p-value (RSA)
Non-CSCs CSCs

1 Bcl-2 6/7 8.41E-06 2.35E-06
2 mTOR 8/22 1.20E-05 4.06E—11
3 CDK 8/15 3.73E-06 3.19E-05
4 HDAC 8/22 6.12E—05 7.93E-07
5 EGFR 11/28 6.30E—06 9.67E-05
6 Proteasome 5/8 2.00E-04 5.13E-07
7 Aurora kinase 6/19 6.24E—12 5.91E-04
8 IGF-1R 3/6 6.80E—04 1.25E-04
9 Kinesin 2/3 2.21E-06 9.48E-04
10 Topoisomerase 6/16 1.70E—-06 9.94E-04

HDAC inhibitors synergize chemotherapeutic
sensitivity in breast CSCs and non-CSCs

Since recent reports have shown that epigenetic mecha-
nisms can influence breast cancer stemness, and the utility
of HDAC: as epigenetic drugs for targeting both CSCs and
non-CSCs have been demonstrated in hematological and
other solid malignancies [44—46], we sought to investigate
whether HDACi could synergize conventional chemothera-
peutic agents in targeting both CSCs and non-CSCs in
breast cancer.

We selected six HDACI], including quisinostat, trichos-
tatin A, givinostat, entinostat, belinostat, and vorinostat
(SAHA), for further testing. Quisinostat, trichostatin A,
givinostat, belinostat, and vorinostat are hydroxamate-
based pan-HDACIi, whereas entinostat is a benzamide-
based class I-specific HDACi [45—-47]. Of note, vorinostat
and belinostat have been approved by FDA for treatment of
peripheral T-cell lymphoma, while quisinostat, entinostat,
and givinostat are currently under phase 2 clinical trials
[48].

Consistent with previous studies, breast CSCs conferred
marked resistance towards cisplatin (approximately three-
fold), doxorubicin (approximately fourfold), and paclitaxel
(approximately 25-fold) in MDA-MB-468, HCC38, MDA-
MB-231, and MCF-7 cells (Supplemental Figure 1 and
Supplemental Table 1). Interestingly, combination with
HDAC: synergizes doxorubicin (Figs. 2 and 3; Table 3)
and, to a lesser extent, cisplatin sensitivity in both MDA-
MB-468 CSCs and non-CSCs (Fig. 4 and Table 4). In
contrast, combinations of HDACi and paclitaxel exhibited
selective synergism in the non-CSCs but not in CSCs of
MDA-MB-468 cells (Supplemental Figure 2 and Supple-
mental Table 2).
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«Fig.2 Combinatory effects of HDACi and doxorubicin in breast
CSCs and non-CSCs. a The effects of HDACi and doxorubicin alone
or in combination on the viability of breast CSCs and non-CSCs were
determined 72 h following treatment. Points represent mean+S.D. of
at least three independent experiments. b The Fa-CI plots of HDACi
and doxorubicin combination on breast CSCs and non-CSCs was gen-
erated using the Chou-Talalay’s CI method [27]. The plots showed
the CI versus the fraction of breast CSCs and non-CSCs that were
inhibited by the combined treatment of HDACi and doxorubicin at
the stated concentration ratio. The combinations were synergistic
when CI values were < 1

Quisinostat synergizes doxorubicin sensitivity
in different subtypes of breast CSCs and non-CSCs

Given that recent clinical studies demonstrated that quisi-
nostat in combination with chemotherapeutic agents exhibits
high efficacy and good tolerability in treatment of various
advanced solid tumors [49-51], we investigated whether
CSCs and non-CSCs population is affected by treatment of
doxorubicin and/or quisinostat. We showed that treatment
of MDA-MB-468 cells with doxorubicin alone induced
significant reduction in the number of non-CSCs (p <0.01,
Student’s ¢ test), while the total number of CSCs remained
unchanged, suggesting that doxorubicin target mainly the
non-stem breast cancer cells (Fig. 5). In contrast, treatment
of cells with quisinostat reduced both the CSCs and non-
CSCs of MDA-MB-468. Importantly, the combination of
doxorubicin and quisinostat further reduced the number of
CSCs and non-CSCs compared to single agent alone, sug-
gesting that the combination might exert synergistic effects
against both cell populations simultaneously.

To test this hypothesis, we investigated whether quisi-
nostat will synergize doxorubicin sensitivity in CSCs and
non-CSCs derived from different subtypes of breast cancers
using the combination index method [27, 28]. Indeed, com-
bination of quisinostat and doxorubicin exhibited signifi-
cant synergism in both CSCs and non-CSCs derived from
the basal-like HCC38 cells, the mesenchymal-like MDA-
MB-231 cells, and the luminal-like MCF-7 cells (Table 5).

Together, our results demonstrated that quisinostat could
enhance the doxorubicin-induced cytotoxicity in both breast
CSCs and non-CSCs, regardless of the breast cancer sub-
types. Given the favorable DRI trends, our data also indi-
cated that such combination regimen could be exploited for
the dose reduction potentials of doxorubicin and quisinostat
in breast cancer (Supplemental Table 3).

Discussion
In this study, we identified 193 small inhibitors that could

target both breast CSCs and non-CSCs. This list includes
inhibitors targeting Bcl-2, mTOR, CDK, HDAC, and EGFR

signaling. We demonstrated that HDACi synergize cispl-
atin and doxorubicin sensitivity in both CSCs and non-CSCs
derived from distinct subtypes of breast cancer cells.

HDAC:Ss are important epigenetic enzymes that catalyze
the removal of acetyl groups from lysine residues enzymes
in histone, thereby inducing chromatin condensation and
transcriptional repression [45, 52]. To date, a total of 18
mammalian HDACs have been identified and classified
into five phylogenetic classes: class I (HDAC1, HDAC?2,
HDAC3, HDACS), class IIA (HDAC4, HDACS, HDACT7,
HDACY), class I[IB (HDAC6, HDAC10), class III (Sirtuins
1-7), and class IV (HDACI11) [53]. Previous studies have
shown that different HDACs are differentially regulated in
various cancers and the aberrant recruitment of HDACs by
oncogenic DNA-fusion proteins or repressive transcription
factors can drive tumorigenesis [46].

Indeed, HDAC1, HDAC2, HDAC3, and HDACG6 have
shown to be overexpressed in breast cancer [54-57], while
HDACI1 and HDAC?7 are found to be specifically overex-
pressed in CSCs when compared to non-CSCs in breast and
ovarian cancers [56]. Furthermore, knockdown of individual
HDAC:S can inhibit the proliferation and survival of tumor
cells, as well as retard the aggressiveness of breast cancer
cells [56, 58, 59].

Given the important role of HDAC in regulating the CSC
phenotype in cancers, it is not surprising that a large number
of structurally diverse HDACi have been developed in recent
years to target the epigenetic abnormalities associated with
refractory cancers. In general, HDACi can be classified as
either pan-HDAC:i or class-specific HDACi [45, 60]. The
pan-HDAC: targets HDACS from class I, II, and IV, whereas
the class-specific HDACI targets only HDACs from either
class I or class II [60]. To date, a large number of HDACi
have been developed, many of which are undergoing clini-
cal testing, and some which have been approved for clinical
use. For example, romidepsin is approved by the FDA for
the treatment of cutaneous T-cell lymphoma (CTCL) and
peripheral T-cell lymphoma (PTCL), vorinostat for the treat-
ment of CTCL, belinostat for the treatment of PTCL, and
panobinostat for the treatment of multiple myeloma [47, 61].

It has also been reported that a number of broad-spectrum
HDAC: suppresses the CSCs population in different cancer
cell lines through various mechanisms. It has been shown
that AR-42 (OSU-HDAC42), a pan-HDACI, induces apop-
tosis in leukemic stem cells by inhibiting NFkB and HSP90
functions, but not in the normal hematopoietic stem and
progenitor cells [62]. Vorinostat has been shown to reduce
the self-renewal capacity of pancreatic CSCs by inhibiting
of miR-34a-Notch and epithelial-mesenchymal transition
(EMT) signaling [63], and reverse cisplatin resistance in
head and neck CSCs by downregulating targeting Nanog
expression [64]. It has also been reported that abexinostat,
another pan-HDACH, reduces the breast CSCs that have low
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Fig.3 Synergistic effects of HDACi and doxorubicin on MDA-
MB-468 breast CSCs and non-CSCs. MDA-MB-468 breast CSCs
and non-CSCs were treated with doxorubicin and/or HDACi for 72 h.
Dose-response surface curves and synergy of each combination was
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assessed using the HSA model (effect-based approach), as imple-
mented in Combenefit software [32]. Level of synergism (blue) or
antagonism (red) at each concentration is represented by color scale
bar. All experiments were conducted at least three times
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Table 3 Synergistic effects of HDACi combined with doxorubicin in MDA-MB-468 breast CSCs and non-CSCs

Inhibitors Dox:HDAC: ratio Non-CSCs CSCs
CI (mean+S.D.) Interactions CI (mean+S.D.) Interactions

Trichostatin A 1:2.5 0.25+0.15 Strong synergism 0.26+0.11 Strong synergism

1:5 0.26+0.16 Strong synergism 0.28+0.11 Strong synergism

1:10 0.31+0.20 Synergism 0.40+0.12 Synergism

1:20 0.31+0.20 Synergism 0.29+0.15 Strong synergism

1:40 0.35+0.25 Synergism 0.32+0.13 Synergism
Quisinostat 4:1 0.17+0.10 Strong synergism 0.15+0.10 Strong synergism

2:1 0.18+0.12 Strong synergism 0.16+0.11 Strong synergism

1:1 0.20+0.13 Strong synergism 0.23+0.10 Strong synergism

1:2 0.24+0.21 Strong synergism 0.22+0.10 Strong synergism

1:4 0.30+0.29 Strong synergism 0.26+0.10 Strong synergism
Givinostat 1:2.5 0.42+0.29 Synergism 0.22+0.12 Strong synergism

1:5 0.39+0.24 Synergism 0.19+0.13 Strong synergism

1:10 0.38+0.21 Synergism 0.24+0.15 Strong synergism

1:20 0.42+0.26 Synergism 0.28+0.16 Strong synergism

1:40 0.50+0.35 Synergism 0.21+0.15 Strong synergism
Entinostat 1:25 0.22+0.11 Strong synergism 0.17+0.09 Strong synergism

1:50 0.23+0.11 Strong synergism 0.24+0.09 Strong synergism

1:100 0.26+0.12 Strong synergism 0.37+0.08 Synergism

1:200 0.25+0.10 Strong synergism 0.40+0.12 Synergism

1:400 0.28+0.10 Strong synergism 0.61+0.02 Synergism
Belinostat 1:25 0.29+0.24 Strong synergism 0.27+0.10 Strong synergism

1:50 0.31+0.20 Synergism 0.43+0.05 Synergism

1:100 0.36+0.17 Synergism 0.80+0.17 Moderate synergism

1:200 0.33+0.10 Synergism 0.81+0.18 Moderate synergism

1:400 0.28 £0.02 Strong synergism 1.19+£0.63 Slight antagonism
Vorinostat 1:25 0.26£0.18 Strong synergism 0.52+0.08 Synergism

1:50 0.28+£0.20 Strong synergism 0.67+0.01 Synergism

1:100 0.34+0.24 Synergism 0.59+0.25 Synergism

1:200 0.42+0.35 Synergism 0.92+0.04 Nearly additive

1:400 0.42+0.33 Synergism 1.10+0.16 Nearly additive

abundance of the long non-coding RNA Xist by inducing
cellular differentiation into non-CSCs [65]. More recently, it
was shown that the newly developed pan-HDACi, MC1742,
and MC2625 are effective in inducing growth arrest, apop-
tosis, and CSC differentiation in sarcomas [66].

Despite these advances, the mechanism by which HDACi
suppresses the CSCs has not been fully elucidated [46].
Mechanistically, the antitumor activity of HDAC:i arises due
to their effects on epigenetic regulation, leading to the repro-
gramming of gene expression in cancer cells in a manner
which promotes growth arrest, differentiation, and apoptosis
[67]. However, how these changes affect the CSCs remains
to be elucidated. One hypothesis is that HDACi may sup-
press the ability to self-renew and promote CSC differen-
tiation, hence increasing CSC sensitivity to chemotherapy/
radiotherapy [68]. This is supported by the recent evidence
showing that non-CSCs may be induced into drug-resistant

CSCs in response to chemotherapy through upregulation of
HDAC expression [69]. Hence, inhibition of HDACs may
compromise the plasticity of CSC and restore sensitivity
to chemotherapeutic drugs [69]. Alternatively, HDACi can
also exert their biological effects by regulating the acetyla-
tion of a variety of non-histone targets in different signaling
pathways relevant to CSC homeostasis [45, 61].

Regardless, it is important to note that non-CSCs are able
to undergo EMT and de-differentiate into CSCs [19, 21, 70,
71]. Hence, targeting CSCs alone might lead to initial tumor
shrinkage, but eventually relapse if one or more of the non-
CSCs are able to de-differentiate into a CSC [19-21]. Thus,
new drug combinations that kill both CSCs and non-CSCs
will be more effective in the long run.

In conclusion, our studies suggest that the combina-
tion of HDACi (e.g., quisinostat) and doxorubicin can
target both breast CSCs and non-CSCs simultaneously.
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Fig.4 Synergistic effects of HDACi and cisplatin on MDA-
MB-468 breast CSCs and non-CSCs. MDA-MB-468 breast CSCs
and non-CSCs were treated with cisplatin and/or HDACi for 72 h.
Dose-response surface curves and synergy of each combination
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was assessed using the HSA model (effect-based approach) using
Combenefit software [32]. Level of synergism (blue) or antagonism
(red) at each concentration is represented by color scale bar. All
experiments were conducted at least three times
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Table 4 Synergistic effects of HDACi combined with cisplatin in MDA-MB-468 breast CSCs and non-CSCs

Inhibitors Cis:HDAC: ratio Non-CSCs CSCs
CI (mean+S.D.) Interactions CI (mean+S.D.) Interactions

Trichostatin A 4:1 0.55+0.28 Synergism 0.27+0.25 Strong synergism

2:1 0.54+0.23 Synergism 0.28+0.24 Strong synergism

1:1 0.57+0.18 Synergism 0.29+0.25 Strong synergism

1:2 0.54+0.13 Synergism 0.19+0.22 Strong synergism

1:4 0.60+0.14 Synergism 0.17+0.17 Strong synergism
Quisinostat 40:1 0.30+0.12 Strong synergism 0.60+0.17 Synergism

20:1 0.29+0.09 Strong synergism 0.61+0.06 Synergism

10:1 0.31+0.11 Synergism 0.69+0.07 Synergism

5:1 0.29+0.14 Strong synergism 0.53+0.03 Synergism

2.5:1 0.35+0.10 Synergism 0.51+0.08 Synergism
Givinostat 4:1 0.64+0.33 Synergism 0.41+0.26 Synergism

2:1 0.59+0.28 Synergism 0.53+0.19 Synergism

1:1 0.61+0.28 Synergism 0.45+0.20 Synergism

1:2 0.64+0.33 Synergism 0.38+0.19 Synergism

1:4 0.68 +0.40 Synergism 0.27+0.18 Strong synergism
Entinostat 1:2.5 0.31+0.15 Synergism 0.55+0.32 Synergism

1:5 0.31+0.11 Synergism 0.55+0.31 Synergism

1:10 0.35+0.10 Synergism 1.04+0.03 Nearly additive

1:20 0.32+0.02 Synergism 1.14+0.07 Slight antagonism

1:40 0.34+0.14 Synergism 2.50+1.38 Antagonism
Belinostat 1:2.5 0.63+0.28 Synergism 0.84+0.13 Moderate synergism

1:5 0.49+0.08 Synergism 1.29+0.52 Moderate antagonism

1:10 0.61+0.04 Synergism 1.32+0.42 Moderate antagonism

1:20 0.52+0.18 Synergism 0.96+0.01 Nearly additive

1:40 0.42+0.44 Synergism >10 Very strong antagonism
Vorinostat 1:2.5 0.50+0.19 Synergism 0.58+£0.22 Synergism

1:5 0.58+0.25 Synergism 0.68+0.15 Synergism

1:10 0.47+0.12 Synergism 0.82+0.05 Moderate synergism

1:20 0.45+0.11 Synergism 0.76 £0.06 Moderate synergism

1:40 0.49+0.14 Synergism 0.72+0.06 Moderate synergism

Therefore, HDACi/doxorubicin combination could be an
effective adjuvant therapy for the treatment of refractory
or drug-resistant cancers.
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Table 5 Synergistic effects of quisinostat combined with doxorubicin in a panel of breast CSCs and non-CSCs
Cell lines Dox:Qui ratio Non-CSCs CSCs
CI (mean+S.D.) Interactions CI (mean+S.D.) Interactions
HCC38 4:1 0.25+0.07 Strong synergism 0.64+0.36 Synergism
2:1 0.37+0.07 Synergism 0.65+0.28 Synergism
1:1 0.46+0.13 Synergism 1.53+1.06 Antagonism
1:2 0.27+0.14 Strong synergism 0.68+0.29 Synergism
1:4 0.10+£0.10 Strong synergism 0.44+0.15 Synergism
MDA-MB-231 4:1 0.41+0.34 Synergism 0.64+0.27 Synergism
2:1 0.55+0.53 Synergism 0.73+0.49 Moderate synergism
1:1 0.55+0.54 Synergism 0.84+0.72 Moderate synergism
1:2 0.39+0.36 Synergism 0.78+£0.85 Moderate synergism
1:4 0.41+0.35 Synergism 1.23+1.82 Slight antagonism
MCEF-7 4:1 0.79+£0.31 Moderate synergism 5.59+5.60 Strong antagonism
2:1 0.67+0.17 Synergism 0.46+0.10 Synergism
1:1 0.68 +£0.34 Synergism 0.18+0.18 Strong synergism
1:2 0.63+0.33 Synergism 0.49+0.13 Synergism
1:4 0.53+0.07 Synergism 0.18+0.19 Strong synergism
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