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ABSTRACT

Overexpression of erythroblastosis virus E26 oncogene homolog 1 (ETS1) gene is correlated with both tumor
progression and poor response to chemotherapy in cancer treatment, and the exploitation of RNA interference
(RNAI) technology to downregulate ETS1 seems to be a promising approach to reverse multidrug-resistant can-
cer cells to chemotherapy. Hence, the RNAi-based nanomedicine which is able to simultaneously downregulate
ETS1 expression and to deliver chemotherapeutic agents may improve multidrug-resistant cancer therapy syn-
ergistically. In this study, we developed a supramolecular nanoassembly that could deliver siRNA targeting
ETS1 (siETS1) and doxorubicin (DOX) as an effective nanomedicine to achieve successful chemotherapy towards
multidrug-resistant breast cancer. The nanotherapeutic system was prepared by loading adamantane-
conjugated doxorubicin (AD) into polyethyleneimine-modified (2-hydroxypropyl)-y-cyclodextrin (HP) through
the supramolecular assembly to form AD-loaded HP (HPAD), followed by electrostatically-driven self-assembly
between siETS1 and HPAD. When the HPAD/siETS1 nanoassemblies were delivered into drug-resistant MCF-7/
ADR cells, the drug efflux was significantly reduced as a result of simultaneous silencing of ETS1 and MDR1
genes. Importantly, the HPAD/siETS1 nanoassembly could enhance drug residence time at tumor site, and effec-
tively inhibit drug-resistant tumor growth due to the inhibition of angiogenesis and necrosis in tumor tissues.
Western blot analysis indicated that the gene expression of both ETS1 and MDR1 in vivo was considerably down-
regulated after the drug-resistant tumor-bearing mouse was treated with HPAD/siETS1 nanoassemblies. This
study offers a new therapeutic delivery strategy targeting ETS1 for the effective multidrug-resistant
chemotherapy.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In spite of the advances in early diagnosis and treatment, successful
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breast cancer therapy remains to be a formidable challenge, because pa-
tients with breast cancer frequently develop simultaneous multidrug
resistance (MDR) after long-term chemotherapy [1,2]. Many different
mechanisms, including overexpression of multidrug resistance 1
(MDR1) gene which encodes P-glycoprotein (P-gp), drug inactivation,
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alterations in drug targets, and DNA damage repair were responsible for
MDR [3]. Among these mechanisms, overexpression of MDR1 had been
the most widely studied [4]. Many recent studies had proved that the si-
lencing of MDR-1 in multidrug-resistant cell lines could increase
chemosensitivity to doxorubicin (DOX) in vitro [5-9]. Nevertheless, a
variety of MDR-1 inhibitors failed to show significant clinical benefits,
despite the evidence supporting the role for MDR-1 in MDR [10,11].
These facts explain that the diversity of ABC receptors, and only one spe-
cific efflux pump expression may be sufficient to induce drug resistance.
As a result, it is urgent to develop new strategies and to find efficient
new target to reverse drug resistance.

The erythroblastosis virus E26 oncogene homolog 1 (ETS1), which
belongs to the member of the ETS family of transcription factors, is
overexpressed in many types of cancer cells [12]. Experimental investi-
gations show that ETS1 gene is involved in the drug resistance of ovar-
ian, pancreatic, prostate cancer and breast cancer cells [13-16].
Intriguingly, the overexpression of ETS1 in multidrug-resistant human
breast cancer cells was reported in recent years [17]. As a transcription
factor, ETS1 regulates a number of genes coding for proteases such as
matrix metalloproteinase (MMP1, MMP3 and MMP9) and urokinase
type plasminogen activator (PLAU). These proteases are known to be in-
volved in extracellular matrix (ECM) degradation which is required for
the invasion of cancer cells [18,19]. As a result, ETS family members in-
cluding ETS1 are known as candidate oncogenes, and the upregulation
of multiple ETS factors is associated with metastasis and poor prognosis.
Recently, the interaction between ETS1 and p53 was identified as one of
the major mechanisms that can up-regulate the expression of MDR1 at
the transcriptional level in drug-resistant human breast cancer cell lines
[20]. Small interfence RNA (siRNA) targeting ETS1 was reported to ef-
fectively inhibit ETS1 gene expression, and significantly increase the
sensitivity of multidrug-resistant breast carcinoma cells to adriamycin
treatment in vitro. This suggests the delivery of siRNA targeting ETS1
is likely to enhance the efficacy of multidrug-resistant breast cancer
chemotherapy in vivo [21].

To enhance the combination therapy efficacy in vivo, we herein pro-
pose a co-delivery strategy for the simultaneous delivery of ETS1 siRNA
(siETS1) and DOX to accomplish combinational effects. The combina-
tion of chemotherapy and RNAi allows the administration of chemo-
therapeutic agents at lower doses, which potentially helps reduce side
effects and improve therapeutic efficacy. As compare with monothera-
py, the combination therapy exhibits better chemotherapeutic response
and can improve survival rate [22,23]. The principle of this delivery
strategy is based on the incorporation of an anticancer drug and an
MDR modulator into the same nanoparticle, which allows the simulta-
neous delivery of two payloads into the same cancer cell population,
thereby maximizing the therapeutic benefit. Recent studies mainly fo-
cused on targeting strategies [24,25] or stimuli-responsive delivery sys-
tems to enhance therapeutic efficiency [26]. For example, liposomal
doxorubicin (L-DXR) functionalized with recombinant human E-
selectin (ES) and polyethylene glycol (PEG) can target and kill cancer
cells under shear flow [24]. Christian and co-workers used a integrated
strategy to combine the feature of biological and physical drug targeting
to trigger drug release and hyperthermia, which is primarily based on
magnetic field influence for thermo-chemotherapy of cancers [26]. In
addition to the above strategies, the simultaneous delivery of anticancer
drugs and MDR inhibitors showed great promises to effectively inhibit
tumor growth and invasion by improving the chemotherapeutic sensi-
tivity. For example, the delivery of liposomes loaded with DOX (or pac-
litaxel) and P-gp siRNA appeared to be more cytotoxic to cancer cells
than free drugs in combination of siRNA. So far, various co-delivery
vectors including polymeric, liposomal, dendrimer [27], mesoporous sil-
ica [28] and cationic nanoparticles had been developed in the past few
years [29-32]. In our recent studies, we showed that the co-delivery
of anticancer drugs and siRNA via cycleodextrin-based supramolecular
cationic polymers was more effective than the delivery of anticancer
drugs and siRNA respectively [33-35]. In order to investigate whether

the down-regulation of ETS1 would promote drug sensitivity and re-
verse MDR in breast cancer in vivo, we fabricated a supramolecular
nanoassembly composed of polytheyleneimine-modified (2-hydroxy-
propyl)-y-cyclodextrin (HP), 1-adamantane-conjugated DOX (AD),
and siETS1 as a new type of nanomedicine for the multidrug-resistant
breast cancer therapy. Hydrophobic AD was first loaded into hydropho-
bic core of y-cyclodextrin of HP through supramolecular host-guest in-
teraction to form AD-loaded HP (HPAD), and siETS1 was further
complexed by the PEI arms of HP via electrostatic interaction (Scheme
1). As expected, the intracellular delivery of supramolecular
nanoassemblies can significantly silence ETS1 and also reduced the pro-
tein expression levels of MDR1 to alleviate drug efflux, thereby re-
sensitizing multidrug-resistant breast cells to chemotherapy. We also
investigated the in vivo anti-tumor effect mediated by HPAD/siETS1 su-
pramolecular assembly and further compared with a nanoassembly an-
alog with MDR1 siRNA (siMDR1). We demonstrated that the HPAD/
siRNA supramolecular nanoassembly exhibited increased therapeutic
potential by inhibiting tumor angiogenesis and progression in vivo.

2. Materials and methods
2.1. Materials

Polyethyleneimine (branched PEI, MW 600 Da and 25 KD), 1-
Adamantane Carboxylic Acid (Ada-COOH, MW 180.24), (2-Hydroxy-
propyl)-y-cyclodextrin (+y-hy-CyD), ethanol, 1,1-carbonyldiimidazole
(CDI), dimethyl sulfoxide (DMSO), [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] (MTT, MW 218.1), and triethylamine
(TEA) were obtained from Sigma-Aldich (St. Louis, MO, USA). Doxorubi-
cin hydrochloride (DOX-HCI) was purchased from Haida Pharmaceutical
Co., Ltd. (Hangzhou, Zhejiang, China) and 4’,6-diamidino-2-phenylindole
(DAPI) was bought from the Beyotime Institute of Biotechnology
(Haimen, Jiangsu, China).

The negative control siRNA (siNC) and siRNA targeting green fluo-
rescent protein (GFP-22) were purchased from Qiagen (Dusseldorf,
Germany) and fluorescein-tagged negative-control siRNA (FAM-
siRNA) was purchased from Biomics Biotechnologies Co., Ltd. (Nantong,
Jiangsu, China). All other siRNAs were obtained from Shanghai
Genepharma Co. Ltd. (China), including a double-stranded siRNA
targeting ETS1 (sense, 5-~-ACUUGCUACCAUCCCGUAC-dTT-3’, antisense,
5-GUACGGGAUGGUAGCAAGU-ATT-3") and a double-stranded siRNA
targeting MDR1 (sense, 5-GACAGAAAGCUUAGU ACCA-dTT-3’, anti-
sense, 5-UGGUACUAAGCUUUCUGUC-dTT-3'). The FITC-labeled P-gp
and ETS1 antibody was supplied by eBioscience (San Diego, CA, USA).

2.2. Cells and animals

Human MCF-7 and MCF-7/ADR (DOX-resistant MCF-7 cell line)
breast cancer cell line were obtained from the American Type Culture
Collection (ATCC, MD, USA) and the MCF-7 cells with stable GFP expres-
sion (MCF-7/GFP) were provided by Prof. Jun Wang from University of
Science and Technology of China, Hefei, China. The cells were cultured
in RPMI1640 medium (GIBCO, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS), penicillin, and streptomycin at 37
°Cin 5% CO, and MCF-7/ADR was maintained with free DOX at 1 pg/mL.

Athymic female mice (BALB/c strain) (4-5 weeks old, 16-18 g) were
purchased from the Zhejiang Chinese Medical University and main-
tained in a pathogen-free environment under controlled humidity and
temperature. The animal experiments were performed in accordance
with the guidelines of China Animal Protection Law.

2.3. Synthesis and biochemical characterization of HPAD
v-hy-CyD (1.622 g, 1.027 mmol) and CDI (1.70 g, 10.50 mmol) were

dissolved in DMSO (10 mL), and were then mixed with 200 pL of TEA.
The mixture was stirred at room temperature for 3 h under nitrogen.
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Scheme 1. (a) Schematic illustration of self-assembly process of supramolecular nanoassemblies HPAD/siRNA; (b) The intracellular delivery pathway of DOX-loaded, siRNA-complexed

HPAD/siETS1 supramolecular nanoassemblies.

PEI (5.56 g, 9.27 mmol) was dissolved in DMSO (10 mL). After addition
of TEA (200 pL), PEI solution was added dropwise to CyD-CDI over 2.5 h
with stirring, followed by overnight reaction. The crude product was di-
alyzed in water for 2 days and freeze-dried for another 3 days.

HPAD conjugates were obtained by host-guest interaction. In brief,
Ada-COOH (49.5 mg, 0.27 mmol) and CDI (48.1 mg, 0.30 mmol, 1.10
equiv) were dissolved in DMSO (2 mL), mixed with TEA (200 pL), and
then stirred at room temperature for 24 h under nitrogen. Doxorubicin
hydrochloride (105.0 mg, 0.19 mmol) dissolved in DMSO (2 mL) was
slowly added to Ada-CDI and the mixture was further stirred overnight
under nitrogen. Upon the addition of distilled water to remove excess
CDI, y-hy-PC (HP) (0.100 g) dissolved in H,O (10 mL) were added
dropwise to different amount of AD solutions (500 L, 250 L, 60 pL).
The resultant mixture was stirred for 8 h. Then the crude product was
dialyzed in water for 1 day and freeze-dried to yield red y-hy-PC/AD
(HPAD) powders.

The 'H nuclear magnetic resonance ('H NMR) and two-dimensional
nuclear overhauser spectroscopy (2D-NOESY NMR) spectra of each
sample were recorded on a BrukerDRX-400 spectrometer (Bruker,
Ettlingen, Germany) at room temperature using DMSO-dg or D,0 as
the solvent.

The particle size and zeta potential of the polymers were determined
in triplicate at 25 °C by dynamic light scattering (DLS) on the Zetasizer

Nano ZS (Malvern Instruments, Worcestershire, UK) with a laser light
wavelength of 633 nm at a 173° scattering angle. The morphological
properties of the nanoassemblies were examined by a Cambridge
Stereoscan 260 scanning electron microscopy (SEM, Cambridge, UK), a
Tecnai 10 transmission electron microscopy (TEM, Philips Electron Op-
tics, Eindhoven, NL) and an atomic force microscopy (AFM, Auto Probe
CP, Park Scientific Instruments).

2.4. pH-dependent drug release of DOX in vitro

The drug loading content was measured by a UV-vis spectropho-
tometer (UV-2800, Hitachi, Japan). 5.0 mg of the freeze-dried HPAD
polymers were dissolved in 25 mL of DMSO and were assessed at \
= 480 nm. The calibration curve was established under the same condi-
tions. The drug loading content (LC) of HPAD polymers for DOX was cal-
culated by the following formula:

LC = (mass of DOX encapsulated in micelles/mass of HPAD) x 100%

The release of DOX from different loading content HPAD in vitro was
monitored using the dialysis method. The HPAD nanoassemblies were
dissolved in phosphate buffer solutions (PBS) at pH values of 5.0, 6.8
and 7.4, sealed in dialysis bags with a molecular weight cut-off of
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8 kDa-14 kDa. The solutions were agitated on an orbital shaker at
100 rpm at 37 °C. At defined time intervals, the medium was removed
and replenished by a fresh one. The amount of DOX released into the
medium was determined was measured by UV Spectrophotometer
(UV-3600, Shimazu, Japan) at the wavelength of 480 nm. The standard
curves at different pH values were also established.

2.5. Cellular uptake investigation

The cellular uptake and distribution were examined by confocal mi-
croscopy. 5 x 10%/well MCF-7/ADR cells were seeded onto 24-well
plates and were grown for 20 h. 100 nM of FAM-siRNA was complexed
with HP and NC-siRNA was complexed with HPAD at N/P 40 at room
temperature for 20 min before use. After transfection for 4 h, the cells
were fixed with fresh 4% paraformaldehyde and treated with DAPI for
10 min and cell nuclei were counterstained with DAPI (blue) and
endolysosomes were stained by LysoTracker Green and LysoTracker
Red, respectively. The images were acquired on a confocal scanning
laser microscope (CLSM, Radiance 2100, Bio-Rad).

GFP-expressing MCF-7 cells (MCF-7/GFP) were used as a model in
the green fluorescent protein (GFP) silencing study. The HPAD/siRNA
nanoassembly formation and delivery to cells were completed as de-
scribed above using GFP targeted siRNA (siGFP) and negative control
(NC-siRNA). GFP silencing was tested by confocal scanning laser micro-
scope and flow cytometry (Beckman-Coulter, USA) after cell collection
[36].

The accumulation of DOX in MCF-7/ADR cells can be observed by
confocal microscope [37]. The MCF-7/ADR cells were seeded on 24-
well plate at a density of 5 x 10% in 1640 medium containing 10% FBS
for 20 h. The medium was then replaced by 1 mL of 1640 (serum
free), DOX and HPAD, and incubated for 4 h at a DOX concentration of
5 pg/mL. After the medium was taken out, the cells were washed and
were cultured with 1 mL fresh complete medium at defined time points.
The DOX accumulation in the cells was measured by confocal microsco-
py and flow cytometry.

2.6. Inhibition of protein expression by the HPAD/siRNA nanoassemblies

Western blotting analysis was used in the analysis of the expression
of EST1 protein and MDR1 protein in MCF-7 or MCF-7/ADR cell lines.

The cell proteins were extracted after different treatments and the
total protein was quantified by the BCA protein assay kit (Promega,
USA). An equal amount of protein was separated on the SDS-PAGE,
transferred onto the nitro-cellulose membrane, blocked, and incubated
overnight with monoclonal antibodies against ETS1, MDR1 and GADPH.
After washing, the membrane was incubated with the horseradish
peroxidase-conjugated secondary antibody for 2 h at room tempera-
ture. The bands were visualized using the Westzol enhanced chemilu-
minescence kit (Intron, Sungnam, Korea) and the expression was
normalized to the housekeeping gene expression.

2.7. The biological characterization of HPAD in vitro

The cytotoxicity of the HPAD was evaluated by the MTT assay. The
MCF-7 and MCF-7/ADR cells were seeded into a 96-well microplates
at a density of 8 x 10 cells in complete medium (200 L) per well for
20 h separately. The medium was replaced with 200 pL of 10% serum-
free with different concentrations of selected chemicals. After further
incubation for 24 h or 48 h, the solutions were then replaced with 100
L of the serum-free medium containing 0.5 mg/mL MTT and incubated
for another 4 h. Finally, after removal of MTT medium the formazan
crystals were dissolved in DMSO (100 pL) and measured spectrophoto-
metrically on an ELISA plate reader (Model 550, Bio-Rad) at a wave-
length 570 nm.

The relative cell growth (%) related to control cells cultured in the
media without the chemicals was calculated by the following formula:

V% = ([Alexperimental—[A]blank)/([A]control—[A]blank) x 100%

where V% is the cell viability (%), [A]lexperimental is the absorbance of
the wells culturing cells treated with chemicals, [A]blank is the absor-
bance of media blanks, [A]control is the absorbance of the wells cultur-
ing cells without chemical treatment. The half-maximal inhibitory
concentration (ICsg) was determined by fitting data to the following
equation:

100

V=
1+ ([DOX]/ICsp)

x 100%

where V% is the viability (%), [DOX] is the concentration (mg/mL) of the

Fig. 1. (a) SEM image, (b) TEM image, (c) AFM image, (d) size distribution of HPAD/siRNA complexes at the N/P ratios of 40. (e) Re-constructed three-dimensional super-resolution
microscopic images of HPAD/FAM-siRNA. Each grid in the left panel represents 1 x 1 um. Green colour represents FAM-siRNA and red colour represents DOX-loaded HPAD. The yellow

colour represents the merged fluorescence of DOX and FAM-siRNA.
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DOX or equivalent DOX in HPAD at a well, and p was defined as the
slope of the sigmoid curve.

2.8. In vivo tumor growth and survival rate assessment

Briefly, MCF-7/ADR cell lines were injected subcutaneously (100 pL
injection volume, 1 x 107 cells) at the right abdominal of 5-weeks-old
female BALB/c nude mice. The mice were used for in vivo fluorescence
image when the tumors reached a size of approximately 100 mm?
(about 2-3 weeks).

BALB/c nude mice bearing MCF-7/ADR breast tumors were random-
ly assigned to five groups and treated with the PBS, DOX, HPAD/NC-
siRNA, HPAD/siETS1 and HPAD/siMDR1 when the tumor volume
reached around 100 mm?> two weeks after tumor inoculation. Each
group consisted of eight mice (n = 8). The doses of siRNA of each
intra-tumor injection were fixed at 0.6 mg/kg and the equivalent dose
of DOX was 0.5 mg/kg. The treatment was performed twice a week for
2 weeks and the tumor growth was monitored using calipers twice a
week. T tumor volume was calculated as: V (mm?) = /6 x length
(mm) x width? (mm). Three mice from each group were sacrificed
30 Days later after first injection. Their tumors were dissected, weighed,

Fig. 2. (a) CLSM images of MCF-7/ADR cells incubated with free DOX or HPAD for 1 h or 4 h. The cells were counterstained with DAPI (blue) for the cell nucleus and Alexa Fluor 488
phalloidin (green) for the cell membrane. (b) Flow cytometry analysis and (c) relative fluorescence intensity of DOX in MCF-7/ADR cells incubated with free DOX or HPAD for
different time. The equivalent dose of DOX was 5 ug/mL (n = 3, Student's t-test, *p < 0.05, **p < 0.01).
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and then imaged. The other tumor-bearing mice were continuously ob-
served for up to three months and differences in tumor growth were
tested for statistical significance.

2.9. Immunohistochemical analysis of HSE, ETS1, MDR1, CD31 and TUNEL
assay

In the histological assay, the paraffin-embedded tumor samples
were cut into 5 mm thick sections, then dewaxed and rehydrated.
After quenching endogenous peroxidase, achieving antigen retrieval
and blocking non-specific binding sites, incubation with primary anti-
bodies was carried out overnight at 4 °C. The antibodies used here
were monoclonal ETS1 antibodies (concentration of 4-8 ug/mL) (poly-
clonal primary antibody, sc-1517, Abcam, USA), monoclonal antibody
against MDR1 (concentration of 4-8 pug/mL) (Abcam, USA) and mono-
clonal anti-CD31 antibodies (1:200) (Beijing Biosynthesis Biotechnolo-
gy Co., LTD). Biotinylated goat anti-rabbit antibodies were used as
secondary antibodies at 1:200 for 30 min at room temperature. The
samples were stained with hematoxylin and eosin (H&E) for

microscopic observation. Apoptosis of the tumor cells was determined
by the TUNEL method according to the manufacturer's instructions [38].

2.10. 2.10. Statistical analysis

All the experiments, where the obtained data were used for statisti-
cal analysis, were repeated at least three times and the data were
expressed as means =+ standard deviation. The statistical significance
(*p <0.05 or **p < 0.01) was evaluated by using student t-test when
only two groups were compared. In all tests, statistical significance
was set at *p < 0.05, **p < 0.01.

3. Results and discussions
3.1. Analysis of the relationship between ETS1 and MDR1 protein
We first tested whether the ETS1 and MDR1 proteins were

overexpressed in MCF-7/ADR cells in comparison with non-multidrug-
resistant MCF-7 cells. As shown in Figs. S1a and b, western blot analysis

Fig. 3. (a) CLSM images of MCF-7/ADR cells incubated with HPAD/FAM-siRNA complexes for 4 h (DOX: red; FAM-siRNA: green; Nucleus: blue). (b) CLSM of MCF-7/GFP cells treated with
HPAD/siGFP complexes to investigate the effect of drug loading ratio on GFP silencing efficiency. Relative silencing efficiency of GFP expression were determined by flow cytometry in MCF-
7/GFP cells treated with HPAD/siGFP (c) with different loading of DOX and (d) with different N/P ratios.
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confirmed that the levels of both ETS1 and MDR1 proteins expression
were significantly higher in the MCF-7/ADR cells than those in the
MCF-7 cells. The observation implied that there might be certain rela-
tionships between ETS1 and MDR1, both of which were probably asso-
ciated with the MDR of breast cancer cells. We subsequently studied the
protein-protein interaction (PPI) networks of ETS1 and MDR1 using
STRING v10 software, a known database to predict PPI including direct
(physical) and indirect (functional) associations [39]. As showed in
Fig. S1c, the relationships of eight tumorigenesis-regulated proteins
(ETS1, MDR1, MMP1, PLAU, BRCA1, P53, MAPK8 and CDKN1A) indicat-
ed that ETS1 play a key role in the PPI network. These observations
clearly indicated that ETS1, as a transcription factor, may control the
gene expression of multiple proteins which were related to tumor pro-
gression, and could be a new therapy target for MDR reversal. The co-
delivery of DOX and siRNA targeting ETS1 may offer a possibility to in-
hibit tumor growth in multidrug-resistant cancer cell lines.

3.2. Preparation and characteristic of HPAD/siRNA NPs

Cyclodextrins had been studied extensively as a family of relatively
simple host molecules, and served as drug carriers to deliver hydropho-
bic drugs. In our previous studies, low-molecular-weight
polyethyleneimine (PEI) crosslinked by cyclodextrins (CyDs) were
used as carriers to deliver both nucleic acids and hydrophobic drugs
for cancer treatment, which showed low cytotoxicity and high efficien-
cy in delivering these payloads both in vitro and in vivo [40,41]. As the
hydroxyalkyl derivative of 'y-cyclodextrin, (2-hydroxypropyl)-y-cyclo-
dextrin (y-hy-CyD) exhibited a higher water solubility and could form
stable complex with 1-adamantanecarboxylic acid, which possessed

the high drug loading capacity of adamantine-modified hydrophobic
drugs, such as adamantly doxorubicin (AD), and improved the water
solubility of DOX [42]. In this work, firstly the HP self-assembled with
AD to form supramolecular inclusion complexes HPAD, which was
then complexed with siRNA to obtain HPAD/siRNA nanoassemblies.

To identify the molecular structure and the supramolecular interac-
tion between AD and HP, 'H nuclear magnetic resonance (*H NMR) and
two-dimensional nuclear Overhauser effect spectroscopy NMR
(NOESY) spectra of HPAD were showed in Fig. S2. In the 'H NMR spec-
trum of HPAD (Fig. S2a), the signals between 7.6 and 8.1 ppm were
assigned to protons on the aromatic rings of DOX, the multiplets be-
tween 1.5 and 2.0 ppm were assigned to the protons of adamantyl moi-
eties, whereas the multiplets between 2.3 and 2.8 ppm were assigned to
the methylene protons of PEl, and the characteristic peak at 1.1 ppm
was ascribed to methyl group of HP. As showed in the NOESY spectrum
in Fig. S2b, the proton signals of adamantyl moieties (blue area) and
anthraquinonic moieties (red area) were well correlated with the
inner protons of HP (yellow area), indicating the successful host-guest
inclusion complexation between HP and AD.

The size and morphology of supramolecular nanoassemblies were
examined by SEM, DLS, TEM and AFM. As shown in Fig. 1a-d, the
HPAD/siRNA nanoassemblies exhibited spherical morphology with the
average size of 250 £ 30 nm. It was noted that the particle size generally
increased with the N/P ratio, reaching c.a. 350 nm at N/P ratio of 40
(Fig. S3a). The zeta potential stabilized in the range of + (40-50) mV,
indicating that the surface charge of HPAD/siRNA nanoassemblies was
less influenced by N/P ratio (Fig. S3b). The confocal images of HPAD/
FAM-siRNA nanoassemblies in Fig. 1e indicated the co-localization of
the inherent red fluorescence of DOX with the green fluorescence of

Fig. 4. Western blot analysis of ETST and MDR1 expression for MCF-7/ADR cells treated with different formulations. (a) MCF-7/ADR cells treated with HPAD/siETS1 complexes with
different dose of siETS1 (Low: 10 nM, Medium: 20 nM, High: 30 nM). (b) MCF-7/ADR cells treated with different kind of HPAD/siRNA complexes. (siMDR1 and siETS1 represent
HPAD/siMDR1 and HPAD/siETS1 respectively. (c) The relative expression of ETS1 and MDR1 protein treated with different dose of siETS1. (d) The relative expression of ETS1 and
MDR1 protein treated with different kind of HPAD/siRNA complexes. (e) Cell viability of MCF-7/ADR cells after the treatment with HPAD with different DOX loading efficiency for
48 h. (f) Cell viability of MCF-7/ADR cells after the treatment with free DOX, HPAD/NC-siRNA, HPAD/siETS1 and HPAD/siMDR1 for 48 h. All data represent mean # SD (n = 3).

(Student t-test, *p < 0.05, **p < 0.01).
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Table 1
Values of IC50 [equivalent to DOX] treated with various formulations.

Compounds DOX  HPAD/NC-siRNA  HPAD/siETST  HPAD/siMDR1
IC50 (ng/mL) 425 128 52 82

the FITC-labeled siRNA. The overlap of both signals yielded yellow fluo-
rescence, suggesting the successful encapsulation of DOX and siRNA by
HP. The positive charge and suitable particle size of the HPAD/siRNA
nanoassemblies made it suitable for the efficient cellular uptake by can-
cer cells.

The drug release kinetics of DOX from HPAD in vitro was also stud-
ied. The release behavior was investigated at pH 7.4, 6.8 and 5.0 to
mimic the normal physiological environment, the mildly acidic condi-
tion in tumor tissues, and the acidic endo/lysosomes, respectively. As
showed in Fig. S4, all three HPAD with different drug loading efficiency
(0.5%, 3.5%, and 5.5%) released DOX in a time- and pH-dependent man-
ner. In general, the fast release DOX from HPAD in the acidic pH, where-
as 13-25% of the total encapsulated DOX was slowly released from the
HPAD nanoassemblies within 84 h. The accelerated DOX release in the
acidic pH is attributed to the dissociation of adamantane-conjugated
DOX (AD) from the cyclodextrin cavity, since DOX become more hydro-
philic in the acid environment [43], and in turn decreases the supramo-
lecular interaction force with HP. The difference in drug release kinetics
at extracellular physiological pH and endosomal/tumoral pH conditions
intracellular is advantageous for the delivery and the release of DOX to
tumor sites and intracellular endosomal environments with minimal
pre-mature release, which ensures the effective cytotoxicity against
cancer cells. Using AD instead of DOX as the guest drug molecule, we
find such an approach provides the advantages of controlled modular

drug loading and minimizes the premature drug release, as the
adamantyl moiety may facilitate DOX to form a more stable inclusion
complexes with HP.

3.3. Synergistic effects of siETS1 and DOX in vitro

The MCF-7/ADR cell line was a type of DOX-resistant breast cancer
cell line with low uptake level of free DOX, and it overexpressed ATP-
binding cassette (ABC) transporters which were known to be associated
with MDR [44]. The MCF-7/ADR cell uptake of HPAD loaded with 3.5%
DOX was examined by confocal laser scanning microscopy (CLSM). As
shown in Fig. 2a, MCF-7/ADR cells treated with HPAD for either 1 h or
4 h showed higher intracellular accumulation of DOX than those treated
with free DOX, which was also assessed by quantitative analysis of DOX
fluorescence intensity with flow cytometry (Fig. 2b, ¢). The above re-
sults indicated that HPAD could enhance the cell uptake of DOX by
MCF-7/ADR cells, which were consistent with previous reports that
nanocarrier-mediated drug delivery may bypass drug efflux pumps
[45].

In order to further investigate the intracellular delivery of siRNA and
DOX into MCF-7/ADR cells, cellular uptake of HPAD/FAM-siRNA
nanoassemblies by MCF-7/ADR cells were visualized by CLSM. As
showed in Fig. 3a, the fluorescence of DOX and FITC-labeled siRNA co-
localize in the cytoplasm of MCF-7/ADR cells. More specifically, these
HPAD/FAM-siRNA nanoassemblies were found to accumulate in the
endo/lysosomes as well as over the cell membranes (Figs. S5, S6). The
above results suggest that the supramolecular nanoassemblies are
able to efficiently co-deliver drug and siRNA into a single cell efficiently,
partly may due to the minimum drug efflux effect.

Fig. 5. Time-dependent in vivo fluorescence images of MCF-7/ADR tumor-bearing mouse treated with HPAD/FAM-siRNA complexes (10 pug FAM-siRNA, N/P = 40, 20 pL) or free DOX (90
g, 20 uL) or free FAM-siRNA (10 ug, 20 uL). Images were taken at 1, 2,4, 8, 12, and 24 h after the intratumoral injection by In-vivo Imaging System FX Pro, Kodak, USA. (Red and green colour

represented the fluorescence signals of DOX and FAM-siRNA respectively).
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RNA interference (RNAIi) takes the advantage of the ability of siRNA
to produce the specific degradation of complementary mRNA se-
quences, inhibit translation and specifically down-regulate the expres-
sion of the target protein [46]. To investigate the gene silencing
efficiency of the HPAD/FAM-siRNA nanoassemblies in vitro, we chosen
the MCF-7 cell line stably expressing green fluorescent protein (MCF-
7/GFP) to evaluate the GFP protein silencing efficiency. The down-
regulated expression of GFP was detected by flow cytometry and
confocal laser scanning microscopy. As shown in Fig. 3d, the gene
silence efficiency was largely dependent on N/P ratio, and the highest
silence efficiency was achieved when N/P ratio was 40. At the N/P
ratio of 40, the drug loading amount in nanoassemblies may also affect
the silence efficiency. As shown in Fig. 3b and S7, GFP expression in
MCF-7/GFP cells was downregulated when the siRNA delivery was me-
diated by HPAD. The GFP silencing efficiency of HPAD (for both 0.5% and
3.5% groups) was about 15% (Fig. 3¢), which was close to the previous
reports that 20-26% GFP silencing efficiency was achieved with lipid-
modified PEI [36]. The reduced silencing efficiency was probably due
to the decreased colloidal stability of HPAD induced by strong
hydrophobic interactions. In order to balance the silence efficiency
and drug loading amount, we decide to choose the HPAD group with
the drug loading amount of 3.5% in the subsequent investigations.

We then investigated the effects of the HPAD/siETS1 nanoassemblies
on ETS1 expression in MCF-7/ADR cells. Firstly, the effect of serum on

cellular uptake was examined. In the presence of 10% serum, the cellular
uptake of HPAD/FAM-siRNA nanoassemblies was only about 60% (in
terms of DOX fluorescence intensity) as compared to that in the absence
of serum (Fig. S9), probably owing to the interaction between HP and
serum proteins. This suggests that the uptake process should be carried
out in the serum-free condition instead to enhance cellular uptake effi-
ciency [47,48]. Next, we investigated the ability of HPAD to deliver
siRNA in vitro. As depicted in Fig. S8, HPAD/FAM-siRNA nanoassemblies
was internalized by MCF-7/ADR cells, and reached a FITC-positive cell
population of 78%. However, only 5% of total cell population was FITC-
positive in the case of free siRNA, which suggest that HPAD facilitate
the intracellular delivery of siRNA efficiently. Finally, we examined the
optimal siRNA dose that is required for the effective knockdown of
ETS1 expression in MCF-7/ADR cells. As shown in Fig. 4a, the gene si-
lencing of ETS1 protein levels was dose-dependent, and the most effec-
tive inhibition of ETS1 protein expression mediated by HPAD/siETS1
was achieved at the dose of 30 nM siETS1, reaching 60% ETS1 protein
knockdown in MCF-7/ADR cell lines (Fig. 4c).

At last, we compared the protein knockdown efficiency of siETS1
and siMDR1. As showed in Fig. 4b, d, the optimal siRNA dose induced
60% and 35% knockdown efficiency of ETS1 and MDR1 protein expres-
sion in HPAD/sIiETS1 group respectively, while there was negligible
knockdown of ETS1 protein expression in HPAD/siMDR1 group. The
above results suggest the potential of HPAD/siETS1 nanoassemblies in

Fig. 6. In vivo therapeutic efficiency of HPAD/siRNA complexes. BALB/c nude mice with MCF-7/ADR xenografts were treated with HPAD/siMDR1, HPAD/siETS1 and other formulations.
(a) Tumor volume and (b) the average body weight changes were measured every four days. Data represent mean + SD (n = 6, Student's t-test, **p < 0.01). (c) Images of in vivo
tumor growth on 0 day and 25 day and (d) dislodged tumors from the mice after the last injection. (e) In vivo photoacoustic images of oxygen saturation (sO,) in tumor tissues 25 day
after the first treatment. Red and blue signals represented oxygenated and hypoxic regions, respectively. The yellow dash line indicated the tumor region identified by ultrasound image.



M. Wu et al. / Journal of Controlled Release 253 (2017) 110-121 119

the effective down-regulation of both the ETS1 and MDR1 protein levels
at cellular lever. The impressive dual inhibition function of siETS1 may
be of paramount importance in MDR cancer therapy, since ETS1 protein
plays an important role in angiogenesis and anti-apoptosis [17] and the
overexpression of MDR1 protein is well known for promoting drug ef-
flux in multidrug-resistant cancer cells [49]. We further evaluated the
anti-proliferation efficiency of HPAD with different DOX loading
amount in MCF-7 and MCF-7/ADR cells. In MCF-7/ADR cells, the
antiproliferation effect of HPAD was much higher than that of adamant-
ly doxorubicin (AD), which was probably due to the multidrug resis-
tance phenotype of MCF-7/ADR cells (Fig. 4e). In MCF-7 cells,
however, free AD showed a higher antiproliferation effect than HPAD
at the concentration of 10 pg/mL, indicating the important role of HP
for evading dug efflux (Fig. S10).

Next, the cytotoxicity of free DOX, HPAD, HPAD/siETS1
nanoassemblies and HPAD/siMDR1 nanoassemblies against MCF-7/
ADR cells were evaluated (Fig. 4f). In general, whereas free DOX only

showed mild cytotoxicity from 0.1-8 pg/mL, HPAD was able to induce
much higher cytotoxicity compared with the equivalent free DOX.
After complexing siETS1 with HPAD, the resulted HPAD/siETS1
nanoassemblies exhibit more cytotoxic than HPAD/siMDR1 at the
equivalent DOX dose of 2 pug/mL. As shown in Table 1, the calculated
half-maximal inhibitory concentration (ICsp) value follows the follow-
ing order: HPAD/siETS1 < HPAD/siMDR1 < HPAD < DOX. The enhanced
cytotoxicity of HPAD/siETS1 over other groups may contribute to the
enhanced ETS1-associated cell apoptosis and the reduced drug efflux
effect.

3.4. Combined therapeutic effect of siETS1 and DOX in vivo

The above promising results stimulated us to further explore wheth-
er DOX and siRNA can effectively reside within tumor after the
intratumoral injection of HPAD/siETS1 nanoassemblies. Fig. 5 revealed
time-dependent in vivo fluorescence images of BALB/c nude mice with

Fig. 7. (a) Western blot analysis of ETS1 and MDR1 expression in MCF-7/ADR tumors after the last treatment with different formulation in vivo. (b) The relative expression of ETS1 and
MDR1 protein. The ratio of ETS1 and MDR1 to GADPH protein was calculated respectively. Data represent mean + SD (n = 3). (Student t-test, *p < 0.05, **p < 0.01).
(c) Immunohistochemical analyses of H&E, ETS1 protein, MDR1 protein, CD31 and TUNEL for MCF-7/ADR tumor tissues after the last treatment with different formulation in vivo. (NC-
siRNA, siMDR1 and siETS1 represent HPAD/ NC-siRNA, HPAD/ siMDR1 and HPAD/ siETS1 respectively).
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MCF-7/ADR xenografts after the intratumoral injection of HPAD/FAM-
siRNA nanoassemblies or free DOX or free FAM-siRNA. As expected, in
the case of free DOX group, the red fluorescence signals in the tumor
site decreased dramatically with time, becoming negligible after 12 h
post-injection. The quick clearance of free DOX from the body may
probably due to the drug efflux of MDR, which resulted in relatively
short residence time at tumor site. To the free FAM-siRNA group, similar
quick clearance behavior were also observed, which is probably owing
to the instability of free siRNA in vivo. In contrast, for HPAD/ FAM-
siRNA group, despite the gradually faded fluorescence signals in tumor
site, strong fluorescence intensity of DOX and FAM-siRNA still could
be acquired even at 24 h post-injection. This demonstrates that HPAD/
siRNA nanoassemblies can protect the siRNA from degradation and en-
hance the DOX retention within the tumor site, which may significantly
facilitate drug and siRNA delivery efficiency in vivo.

Furthermore, we explored whether the synergistic anticancer effect
could be achieved in vivo. Antitumor treatments were performed when
tumors grew up to 100 mm?, and five groups of mice were treated with
PBS, free DOX, HPAD, HPAD/siMDR1 and HPAD/siETS1 respectively. The
tumor volumes and body weights were measured every 4 days up to a
total of 25 days. Although all the treatment groups showed certain ex-
tent therapeutic effects compared with the control group (Fig. 6a), the
most effective therapeutic effect was achieved in group treating with
HPAD/sIiETS1 nanoassemblies (Fig. 6¢, d). In addition, no obvious influ-
ence were found on the average body weight of the mice that were
treated with these formulations, indicating negligible side effect of the
supramolecular nanoassemblies for antitumor therapy at the defined
dose (Fig. 6b).

In vivo photoacoustic images of oxygen saturation (sO,) were also
assessed in the tumor tissues 25 days after the first treatment [50,51].
As shown in Fig. 6e, red and blue signals represent oxygenated and hyp-
oxic regions, respectively. There was significant difference between the
HPAD/siETS1 group and other groups in terms of sO, mapping, which
may be attributed to the function of siETS1 in inhibiting angiogenesis
in the tumor tissues. As depicted in Fig. 6e, the tumor volume in the
mice treated with HPAD/siETS1 was much smaller compared to other
groups. The results of western blots were also in good agreement with
those in vitro data, suggesting the same mechanism of HPAD/siETS1
nanoassemblies in down-regulating ETS1 and MDR expression in vivo
(Fig. 7a, b). From those results above, we can conclude that the siETS1
down-regulated gene expression of ETST1 and MDR1 leads to the en-
hancement of the drug sensitivity and apoptosis in the tumor cells
in vivo.

Previous studies had showed that ETS1 expression was correlated
with the specific features of gastric [52], renal [53], and hepatocellular
carcinoma cells [54,55] including tumor histological differentiation, in-
vasion, and metastasis. We assumed that these features might be the
reason behind the more effective anti-tumor effect mediated by
HPAD/siETS1 nanoassemblies. To confirm our hypothesis, we tested
the cell apoptosis and angiogenesis in the tumors after treatment by his-
tological examination (Fig. 7c). The H&E stained sections of tumor tis-
sues from PBS and free DOX groups appeared to be most hypercellular
and showed more obviously the nuclear polymorphism. Among these
therapeutic groups, the tumor tissues from the treatment with the
HPAD/siETS1 formulation showed the fewest tumor cells and the
highest level of tumor necrosis. Inmunohistochemical assays were per-
formed to detect ETS1 and MDR1 expression in tumor tissues of mice
after the different treatments. Cell nuclei were stained blue and the
brown blots indicated the ETS1 or MDR1 protein in the tumor tissue.
A distinct decrease in protein density in the tumor slice was observed
after the treatment with HPAD/siETS1 nanoassemblies, which is in con-
trast with other treatment groups. The results are similar to that of
western blot in vitro and in vivo. Microvessel density, as determined
by immunohistochemical analysis with the blood vessel endothelial
cell marker CD31, was significantly lower when the mouse was treated
by HPAD/siETS1 nanoassemblies. The TUNEL assay also showed that the

treatment with the formulation of HPAD/siETS1 could induce much
more TUNEL-positive cells. These results of antitumor efficacy of
HPAD/siETS1-based treatment further validate the effectiveness of the
supramolecular nanoassembly formulation for the treatment of
multidrug-resistant tumor in murine models in vivo.

4. Conclusion

In conclusion, we developed a supramolecular nanoassembly as the
new nanomedicine for the effective RNAi against ETS1 and the efficient
delivery of chemotherapeutic agents to improve multidrug-resistant
cancer therapy. Whereas the nanoscaled dimension and the positive
surface charge allows the HPAD/siETS1 nanoassemblies to be efficiently
internalized by MCF-7/ADR cells, the RNAi induced by the supramolec-
ular assembly is able to down-regulate both EST1 and MDR1 gene ex-
pression to prevent drug efflux. In the drug-resistant tumor-bearing
mouse model, the intratumoral injection of HPAD/siETS1
nanoassemblies resulted in enhanced drug residence time at tumor
site, as well as efficacious tumor suppression, largely owing to the ne-
crosis and inhibition of angiogenesis in tumor tissues. In agreement
with western blot analysis in vitro, the gene expression of both ETS1
and MDRT1 in vivo were also significantly down-regulated after the
mouse was treated with HPAD/sSiETS1 nanoassemblies. The success of
this therapeutic strategy defines a unique modality for the effective
multidrug-resistant cancer therapy in the dawning era of personalized
nanomedicine.
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Fig. S1. (a)Western blot and (b)relative quantification analysis of ETS1 and MDRI
expression for MCF-7 and MCF-7/ADR cells. All data represent mean £ SD (n = 3).
(Student t-test, *p < 0.05, **p < 0.01). (c) Protein-protein interaction (PPI) networks
analysis of ETS1, MDRI1 and relevant proteins calculated by STRING v10 software
according to STRING protein interaction database.



Fig. S2. (a) "H NMR spectra of DOX, Ada-COOH, AD, HP and HPAD. (b) 2D-NOESY
NMR spectra of HPAD in D0.



Fig. S3. (a) Particle size and (b) zeta potential of HPAD/siRNA complexes at various N/P
ratios of 10, 20, 30 and 40.

Fig. S4. Time-dependent cumulative release of DOX from HPAD with different drug
loading ratio at different PH values.

Fig. SS. Intracellular distributions of (a) HPAD and (b) HP/FAM-siRNA complexes in
MCEF-7/ADR cells after 4 h incubation. The concentration of DOX and FAM-siRNA was
S5uM and 100 nM respectively. Cell nuclei were counterstained with DAPI (blue) and
endolysosomes were stained by LysoTracker Red (green in a) and LysoTracker Green
(red in b) respectively.



Fig. S6. CLSM images of MCF-7/ADR cells incubated with HPAD/FAM-siRNA complexes
for 4 h. (a) nucleus counterstained with DAPI (dark yellow); (b) cell membrane
counterstained with Alexa Fluor® 647 dye (blue); (c¢) Bright image; (d, e, f) Merged images:
red means DOX and green means FAM-siRNA. Fluorescence was represented in pseudo
color. The red arrow and the white arrow represented HPAD/FAM-siRNA complexes
accumulated in lysosome and on the cell membranes, respectively.

Fig. S7. CLSM of MCF-7/GFP cells treated with HPAD/siGFP complexes to investigate
the effect of drug loading ratio on GFP silencing efficiency.



Fig. S8. Flow cytometry analyses of FAM-siRNA in MCF-7/ADR cells incubated with (a)
HPAD, (b) free FAM-siRNA, (c) HPAD/ FAM-siRNA complexes to investigate the
stability of siRNA in cellular uptake process. (d) Relative fluorescence intensity of FAM-
siRNA in the above analyses.

Fig. S9. Flow cytometry analyses of (a) DOX and (c) FAM-siRNA in MCF-7/ADR cells
incubated with HPAD/ FAM-siRNA complexes for 4 h with DMEM containing different
ratio of serum to investigate the effect of serum to the transfection efficiency.
Fluorescence intensity of (b) DOX and (d) FAM-siRNA in the above analyses.
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Fig. S10. Cell viability of MCF-7/ADR and MCF-7 cells after treated with HP for 48 h.

Fig. S11. Cell viability of MCF-7 cells after treated with HPAD with different DOX
loading efficiency for 48 h.
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