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Purpose: Gastric cancer stem cells (CSCs) are important for the initiation, growth,
recurrence, and metastasis of gastric cancer, due to their chemo-resistance and indefinite
proliferation. Herein, to eliminate gastric CSCs, we developed novel CSC-targeting glioma-
associated oncogene homolog 1 (G/i1) small interfering RNA (siRNA) nanoparticles that are
specifically guided by a di-stearoyl-phosphatidyl-ethanolamine- hyaluronic-acid (DSPE-HA)
single-point conjugate, as an intrinsic ligand of the CD44 receptor. We refer to these as
targeting Glil siRNA nanoparticles.

Methods: We used the reductive amination reaction method for attaching amine groups of
DSPE to aldehydic group of hyaluronic acid (HA) at the reducing end, to synthesize the
DSPE-HA single-point conjugate. Next, targeting Glil siRNA nanoparticles were prepared
using the layer-by-layer assembly method. We characterized the stem cellular features of
targeting Glil siRNA nanoparticles, including their targeting efficiency, self-renewal capa-
city, the migration and invasion capacity of gastric CSCs, and the penetration ability of 3D
tumor spheroids. Next, we evaluated the therapeutic efficacy of the targeting Glil siRNA
nanoparticles by using in vivo relapsed tumor models of gastric CSCs.

Results: Compared with the multipoint conjugates, DSPE-HA single-point conjugates on
the surface of nanoparticles showed significantly higher binding affinities with CD44. The
targeting Glil siRNA nanoparticles significantly decreased Glil protein expression, inhibited
CSC tumor spheroid and colony formation, and suppressed cell migration and invasion.
Furthermore, in vivo imaging demonstrated that targeting Glil siRNA nanoparticles accu-
mulated in tumor tissues, showing significant antitumor recurrence efficacy in vivo.
Conclusion: In summary, our targeting Glil siRNA nanoparticles significantly inhibited
CSC malignancy features by specifically blocking Hedgehog (Hh) signaling both in vitro and
in vivo, suggesting that this novel siRNA delivery system that specifically eliminates gastric
CSCs provides a promising targeted therapeutic strategy for gastric cancer treatment.
Keywords: Hedgehog (Hh) pathway, Glil siRNA, gastric cancer stem cells, di-stearoyl-
phosphatidyl-ethanolamine-hyaluronic acid (DSPE-HA) single-point conjugate, therapeutic
siRNA nanoparticles

Introduction

Gastric cancer is the second leading cause of cancer-related death with 5-year
overall survival rates of approximately 20% due to recurrence and metastasis,
which are a major hallmark of failed clinical regimens.' Cancer stem cells
(CSCs) are a pluripotent subpopulation of cells that may play a crucial role in

therapeutic resistance, metastasis, and recurrence, as well as poor prognosis for
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survival, due to their self-renewal, differentiation, and
highly aggressive proliferation.”® Quiescent undifferen-
tiated CSCs have the intrinsic ability to detoxify and
localize within hypoxic niches, in addition to other
mechanisms, which allows them to escape -cancer
treatments.* Hence, effective targeting of CSCs in gastro-
intestinal tumors is believed to be a promising therapeutic
strategy.

It is crucial to identify effective therapeutic targets with
clinical implications in gastrointestinal cancer therapy.
Previous studies have reported that only CD44 positive
(CD44+) cells are required to form neoplastic tumors with
gastric CSC-like properties.” ® Recent reports have further
indicated that CD44 expression in human gastric carci-
noma specimens may serve as an independent prognostic
indicator for tumor progression, metastasis, and patient
survival.”'" Thus, the subpopulation of CD44+ cells
may serve as a potential therapeutic target for gastric
CSCs. Moreover, the polysaccharide hyaluronic acid
(HA) has been identified as a specific ligand for the
CD44 receptor and may be a potential molecular target
for CD44-overexpressing tumors.'* Similar to polyethy-
lene glycol (PEG), the HA coating provides a hydrophilic
shield that promotes extended circulation in the blood."* In
the present study, we took advantage of a number of HA
properties including its excellent biocompatibility, biode-
and non-immunotoxicity, to

gradability, nontoxicity,

design targeted moieties in gastric CSCs with CD44
overexpression.'

A number of studies have shown that activation of the
Hedgehog (Hh) signaling pathway is essential for maintain-
ing and regulating CSC stemness in a variety of tumors,'> "’
suggesting that a blockade of the Hh pathway may serve as
a novel therapeutic strategy for the treatment of CSCs. In
addition, the Hh signaling pathway is only aberrantly acti-
vated in cancers, especially CSCs.?® Therefore, the inhibi-
tion of molecules within the Hh pathway may avoid side
effects in normal adjacent tissues. The transcription factor
(Glil) s
a functional downstream protein in Hh pathway, and plays

glioma-associated oncogene homolog 1
a central role in cancer stemness while serving as a reliable
indicator of abnormal activity.>' Moreover, high expression

22725 metastasis,?®

of Glil is associated with drug resistance,
tumorigenicity”’ and poor prognosis, and indicates progres-
sive stages of cancer.”®* Hence, blocking Glil with small
interfering RNA (siRNAs) may prove to be an ideal strategy
for cancer treatment. Nevertheless, due to the molecular

weight and polyanionic nature of siRNAs, their clinical

application as therapeutic agents continues to be impeded
by considerable obstacles, including ribonuclease (RNase)
degradation, poor membrane permeability, short serum half-
life, and inefficient tissue distribution and intracellular
localization.*

The application of therapeutic siRNAs must be further
improved by the development of effective delivery
systems.’! Cationic liposomes serve as effective siRNA
delivery systems, as they have the ability to better protect
their contents, are efficient at gene silencing, and accumu-
late in tumors due to their enhanced permeability and
retention (EPR) effects.>® However, high positive surface
charges in vivo may reduce biocompatibility and cause
serious side effects. Therefore, we proposed that a DSPE-
HA conjugate could be employed to modify cationic lipo-
somes to efficiently increase their biocompatibility and
targetability to CD44+ CSCs,
prolonging their circulation time in the blood. In most

while simultaneously
past studies, phospholipids have been coupled to HA via
the carboxylic groups of HA and amine groups of phos-
pholipids, using carbodiimide chemistry, resulting in mul-
tipoint attachments.®>* To retain HA chain integrity,
which is important for its affinity with CD44 receptors,
we coupled the reductive end of HA to amine groups of
DSPE using a reductive amination method. The resulting
DSPE-HA conjugate has a single coupling point.

Herein, we describe the generation of a DSPE-HA
single-point conjugate and multipoint conjugate, which is
an intrinsically tailored ligand of the CD44 receptor and
a remarkable biomarker of gastric CSCs. The DSPE-HA
conjugate was modified on the surface of nanoparticles.
Thus, the novel therapeutic HA-mediated CSC-targeting
Glil siRNA nanoparticles were developed to specifically
target gastric CSCs. After development, the nanoparticles
were functionally characterized for bioactivity, including
CSCs targetability, inhibitory effect, and efficacy in pre-
venting recurrence and metastasis. The potential mechan-
isms of action were also investigated.

Materials and Methods

Drugs and Agents

The 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
chloride salt, di-oleoyl- phosphatidyl-ethanol-amine
(DOPE), di-stearoyl-phosphatidyl-ethanolamine (DSPE),
and cholesterol were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA). Hyaluronic acid (Mw17500Da)
was purchased from Zhenjiang Dongyuan Biotech Co., Ltd.
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(Zhenjiang, China). Chondroitin sulfate (CS) was purchased
from Dalian Meilun Biotech Co., Ltd. (Liaoning, China) and
protamine was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s Modified Eagle Medium (DMEM) and
fetal bovine serum (FBS) were obtained from Gibco
(Billings, MT, USA). Epidermal growth factor (EGF) and
basic fibroblast growth factor (bFGF) were purchased from
Sigma-Aldrich. B27 supplement was obtained from
Invitrogen (New York, NY, USA). Cell counting kit-8
(CCK-8) was obtained from Dojindo Laboratories
(Kumamoto, Japan). OPTI-MEM was obtained from
Invitrogen. Anti-CD44-fluorescein isothiocyanate (FITC)
antibody was purchased from BD Biosciences (Franklin
Lakes, NJ, USA). Antibodies against Glil and a-actin were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Glil-specific siRNA (sense strand: 5-GGC
UCAGCUUGUGUGUAAUTT-3"; antisense strand: 5'-
AUUACACACAAGCUGAGCCTT-3', designated as Glil
siRNA), negative control scramble siRNA (sense strand: 5'-
UUCUCCGAACGUGUCACGUTT-3’; antisense strand: 5'-
ACGUGACACGUUCGGAGAATT-3', designated as NC
siRNA), and fluorescein-labeled siRNA (5’ end of the sense
strand, designated as FAM siRNA) were synthesized by
GenePharma Co. Ltd. (Shanghai, China).

Synthesis of DSPE-HA Conjugate

For the synthesis of DSPE-HA single-point conjugate,
DSPE can be coupled to HA with a single coupling point
via the aldehydic groups of HA and amine groups of
DSPE by the reductive amination reaction method.*
Briefly, hyaluronic acid (HA) was activated with tetra-
n-butylammoniumhydroxide (TBA). Then activated HA-
TBA (10 pmol) and DSPE (50 pumol) were dissolved in
dimethyl sulfoxide. After stirring for 2 h at 60°C, sodium
triacetoxyborohydride (NaBH(OAc)s,
added dropwise. The mixture was stirred at 60°C for
72 h. After dialyzing with 0.01 mol/L HCI solution,
DSPE-HA single-point conjugate was obtained. For the
synthesis of DSPE-HA multipoint conjugate, DSPE can
be coupled to HA with multipoint attachment via the

100 pmol) was

carboxylic groups of HA and amine groups of DSPE by
carbodiimide chemistry as previously described.’®>” HA
(100 pmol) was activated with EDC (200 umol) and NHS
(200 pmol) for 2 h, and then added to DSPE (500 umol)
solution dissolved in 10% tert-butanol containing
0.1 mol/L triethylamine. After stirring for 6 h at 50°C
and a further 48 h at 25°C, DSPE-HA multipoint conjugate
was obtained. The final products were then lyophilized.

The obtained DSPE-HA conjugate was confirmed using
Fourier-transform infrared spectrometer (FTIR, JASCO
FT/IR-4200 type A, JASCO Co., Tokyo, Japan). The
amount of DSPE lipid covalently coupled to HA was
quantified using the spectrophotometric method, according
to the previous report.*® Specifically, DSPE formed
a coordination compound with ammonium ferrothiocya-
nate for detection. Next, the content of DSPE was ana-
lyzed by spectrophotometric method and detected at 468
nm, followed by calculation for the molar ratio of DSPE
to HA.

Preparation and Characterization of
siRNA Nanoparticles

Targeting Glil siRNA nanoparticles were prepared using the
layer-by-layer assembly method. First, to prepare cationic
liposomes, DOTAP, DOPE and cholesterol with a molar
ratio of 1:1:1 were dissolved in chloroform that was removed
by rotary evaporation. The remaining film was hydrated in
DEPC-treated ddH,0, followed by probe sonication for 10
min at 120 W. Suspensions were filtered three times through
membranes of pore sizes 400 and 200 nm to yield cationic
liposomes. Second, siRNA and CS (1:1, mass ratio) were
mixed, followed by the addition of an equal mass of prota-
mine. The mixture was incubated for 10 min to obtain
a protamine/CS/Glil siRNA nanocomplex. Third, the prota-
mine/CS/Glil siRNA nanocomplex and cationic liposomes
(lipid: siRNA, 1000: 1, molar ratio) were mixed for 10 min to
obtain the Glil siRNA nanoparticles. Fourth, targeting Glil
siRNA nanoparticles were prepared by incubating Glil
siRNA nanoparticles with DSPE-HA single-point conjugate
(lipid: DSPE-HA single-point conjugate, 100: 5, molar ratio)
at 50°C for 10 min. For blank targeting nanoparticle carriers,
the preparation process was the same as described above,
except that siRNA was not added. For the preparation of
FAM siRNA nanoparticles used for in vitro cellular uptake,
and of Cy5.5 siRNA nanoparticles for the in vivo biodistri-
bution experiment, the procedure was the same as described
above. The particle sizes and zeta potentials of the prepared
nanoparticles were determined using a Zetasizer Nano ZS90
instrument (Malvern Instruments Ltd., U.K.). Stability was
evaluated by measuring the changes in mean particle size and
relative turbidity in PBS containing 50% FBS.

Cell Culture and Gastric CSC Sorting
The human gastric cancer cell line AGS was obtained
from the Shanghai Cell Bank of the Chinese Academy of
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Medical Sciences (Shanghai, China) and cultured in
DMEM medium supplemented with 10% FBS,
100 U/mL penicillin, 100pg/mL  streptomycin.
Gastric CSCs were isolated by sorting CD44+ cell sub-
populations using anti-CD44-FITC antibodies by fluores-
cence activated cell sorting (FACS). Thus, the tumor
spheroid of gastric CSCs was cultured. Briefly, the CD44
+ subpopulation was sorted from AGS cells, seeded into

and

ultralow attachment six-well plates (Corning, Lowell, MA,
USA), and cultured in stem cell medium (serum-free
DMEM medium supplemented with 20 ng/mL EGF, 10
ng/mL bFGF, 1% B27 supplement, 100 U/mL penicillin,
and 100 pug/mL streptomycin). Cells were cultured in
a humidified incubator at 5% CO, and at 37°C.

Immunofluorescence Analysis
Immunofiuorescence analysis was used to evaluate Glil
expression in CD44+ cells and CD44— cells. Briefly, the
CD44+ cells and CD44— cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton X-100.
Then, the cells were blocked with 1% BSA and incubated
with Glil antibodies at 4°C overnight. After incubating with
Alexa Fluor-conjugated secondary antibodies and 5 pg/mL
4, 6- diamidino-2-phenylindole (DAPI) for 30 min, the cells
were observed using a laser scanning confocal microscope.

Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA assay was performed to measure the binding affinity
of the DSPE-HA single-point conjugate and multipoint con-
jugate with the CD44 receptor, according to the manufac-
turer’s protocol (Tiangen, Beijing, China). Briefly, the wells
of microtiter plates were coated with HA, DSPE-HA single-
point conjugate and multipoint conjugate at 4°C overnight,
respectively. After being blocked with 2% BSA, CD44-IgG
Fc fusion protein was added, and subsequently incubated for
1 h. Then, anti-human IgG Fc-HRP was added, followed by
incubation for 1 h. Subsequently, TMB was added, and
absorbance intensity was determined at 450 nm.

Flow Cytometry Analysis

The intracellular targeting efficiency of the nanoparticles was
investigated by flow cytometry using FAM siRNA as
a fluorescent probe. Briefly, CD44+ cells were seeded into
six-well plates and incubated for 24 h. After incubation with
various FAM siRNA formulations, the cells were harvested
and examined using the FACScan flow cytometer. For

competition experiments, the cells were pre-incubated with
excess free HA (5 mg/mL) for 30 min to saturate the CD44
receptors. The targeting FAM siRNA nanoparticles were
then added as detailed above.

Confocal Microscopy Analysis

Qualitative analysis was performed using confocal micro-
scopy. The CD44+ cells were cultured in glass-based dishes
and were incubated for 24 h to allow attachment. The cells
were then incubated with various FAM siRNA formulations
as described above. After incubation for 3 h, the cells were
washed and fixed with 4% paraformaldehyde (v/v). Cell
nuclei were then stained with DAPI (5 pg/mL). Finally, the
cells were washed and examined using a Leica SP2 confocal
microscope (Leica, Heidelberg, Germany).

Western Blot Analysis

For in vitro evaluation of gene silencing, CD44+ cells
were treated with various formulations containing 200
nM Glil siRNA or NC siRNA in OPTI-MEM medium.
After 6 h of incubation, the supernatant was removed and
the cells were incubated with fresh complete culture med-
ium for 36 h. Cells were collected and cell lysates were
used for Western blot analysis. Antibodies against Glil
and a-actin (Cell Signaling Technology) were used.

Cell Proliferation and Apoptosis Assay

To evaluate the inhibitory effects of the various nanoparticles
on gastric CSCs, CD44+ cells seeded in 96-well plates were
exposed to a series of concentrations of the various nanopar-
ticles in OPTI-MEM for 48 h at 37°C. Their antiproliferative
activity was measured using CCK-8 assays, according to the
manufacturer’s protocols. The morphological changes and
ultrastructure of CD44+ cells treated with the various nano-
particles were investigated by atomic force microscopy
(AFM, JPK NanoWizardl, Germany).

Colony Formation Inhibition Assay

CD44+ cells were treated with the various nanoparticles
containing 100 nM Glil siRNA for 6 h. The supernatant
was then replaced with fresh culture medium and changed
every three days. After incubated for 10 d, the cells were
fixed with methanol for 15 min at 25°C and visualized by
staining with 1% methylene blue.

Tumor Spheroid-Formation Assays
Inhibition of tumor spheroid-formation by CD44+ cells
following treatment with various Glil siRNA formulations

submit your manuscript

7016

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Yao et al

was determined using the tumor spheroid culture techni-
que. Briefly, CD44+ cells were seeded into ultralow
attachment six-well plates in stem cell medium and treated
with the various nanoparticles at 37°C for 7 d. The num-
bers of spheroids formed were counted as observed using
a phase-contrast microscope.

Soft Agar Colony Formation Assays

Inhibition of colony formation by CD44+ cells following
treatment with the various Glil siRNA formulations was
measured using soft agar assays. The assays were per-
formed using 0.6% and 0.3% soft agar in DMEM supple-
mented with 10% FBS, as the base and top layers,
respectively. The cells were treated with the various nano-
particles at 37°C for 14 d. Colony formation was visua-
lized and photographed using a phase-contrast microscope.

Wound-Healing Assay

Wound-healing migration assays were used to evaluate the
horizontal movement of CD44+ cells. Briefly, CD44+ cells
were treated for 6 h with the various nanoparticles. After
the supernatant was replaced with fresh complete culture
medium, a single scratch wound in the confluent cells was
created using a sterile micropipette tip. After washing with
PBS, the remaining cells were cultured for 24 h. The width
of the scratch was viewed using a phase-contrast micro-
scope at 0 h and 24 h post wounding. Original and migra-
tion areas were measured using ImagelJ software.

Cell Migration and Invasion Assay

Cell migration and invasion were detected using Transwell
chambers. For the migration assay, cells treated with var-
ious siRNA nanoparticles containing 100 nM siRNA were
seeded into the upper chamber in serum-free medium. The
lower chamber contained DMEM plus 10% FBS. After
24 h incubation, the migrated cells were stained with
Giemsa stain and were counted under a light microscope.
For the invasion assays, the procedures were the same,
except that Matrigel (BD Bioscience) was added to the
upper chamber.

3D Tumor Spheroids Penetration Assays
The CD44+ cell spheroids were transferred to the 48-
well culture plate at one spheroid per well. To observe
the penetration ability, the spheroids were incubated with
targeting FAM siRNA nanoparticles and were scanned at
the different layers using a confocal laser scanning fluor-
escence microscope. To evaluate the growth-inhibitory

effect, the spheroids were treated with the various nano-
particles, and their maximum diameter (d,,x) and mini-
mum diameter (d,;,) were measured under an inverted
microscope. Spheroid volume was calculated using the
formula V= (n % dyax X dmin)/6. The volume—change
ratio of spheroids was obtained using the formula
R (%) = (Vdayi/Vaay 0) X100, where Vy,, ; is the spheroid
volume of at the i™ day (day 1, 2, 3, 4, or 5) after
treatment with nanoparticles, and Vg,y o is the spheroid
volume before treatment. The morphological changes of
the spheroids at day 3 after treatment were viewed under
a scanning electron microscope (SEM).

In vivo Imaging

Noninvasive optical imaging systems were used to evalu-
ate the real-time distribution and tumor accumulation of
CyS5.5-labeled siRNA nanoparticles in BALB/c nude mice
bearing AGS-derived CSC xenografts. The male mice
(18-20 g) were purchased from the Chinese Academy of
Medical Sciences Institute of Zoology. When the tumor
volumes reached approximately 500 mm®, the mice were
treated with CyS5.5-labeled siRNA nanoparticles and
scanned using IVIS 200 imaging system (Xenogen Co.,
Alameda, CA, USA). After in vivo imaging 24 h post-
treatment, the mice were sacrificed by cervical dislocation
and the tumors and major organs were excised, and
photographed.

Evaluation of Relapsed Tumor Growth
Approximately 8x10* CD44+ gastric CSCs were subcuta-
neously injected into the right flanks of five-week-old
BALB/c nude mice obtained from the Institute of
Zoology, Chinese Academy of Medical Sciences, Beijing,
China. When the tumors reached 150—180 mm? in volume,
the mice were treated with various nanoparticles. Mice
were monitored daily for tumor progression and weight
changes.

Animal protocols were approved by the Institutional
Animal Care and Use Committee of the Institute of
Medicinal Biotechnology, Chinese Academy of Medical
Sciences & Peking Union Medical College. The use of
experimental mice was in accordance with policies regard-
ing the welfare of laboratory animals, according to the
guidelines of the Ethical Examination Form of Laboratory
Animals and Working System of Laboratory Animal Room,
based on the Regulations on Ethical Review of Laboratory
Animals in the Institute of Medicinal Biotechnology.
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Statistics Analysis

Data are presented as the mean =+ standard deviation using
SPSS software. One-way analysis of variance (ANOVA)
was used to determine the significance of the differences
among groups, after which post hoc tests with Bonferroni
correction were used to compare individual groups.
A p-value <0.05 was considered statistically significant.

Results
Synthesis and Representation of
DSPE-HA Conjugates

Figure 1A and B illustrates the synthesis routes of DSPE-
HA single-point and multipoint conjugate, respectively.
Specifically, to synthesize DSPE-HA single-point conju-
gate, HA was conjugated with DSPE by reductive amina-
tion between the aldehydic groups of HA at the reducing
end and amine groups of DSPE, using NaBH(OACc); as the
reducing agent. DSPE-HA multipoint conjugate was gen-
erated by carbodiimide chemistry in which carboxylic acid
groups of HA activated by NHS and EDC were coupled to
amine groups of DSPE. Next, both of the DSPE-HA con-
jugates were characterized. As shown in Figure 1C, HA
had
3200-3600 cm ' related to hydroxyl groups, and a sharp

a broad stretching band in the region of

peak at 1617 cm™ ' due to its carboxylic groups. The DSPE
spectrum showed sharp absorbance peaks at 1742 cm™'
and at 2850-2918 ¢cm ', indicating carbonyl and methy-
lene groups in the acyl chains, respectively. Moreover,
DSPE showed a broad stretching band at 3425 cm™'
related to the amine group. We found that the spectrum
of either single- or multiple-point DSPE-HA conjugate
showed a peak at 2850-2918 cm ™' related to methylene
groups, together with a sharp absorbance peak at
1742 ecm™' representing carbonyl in the acyl chains of
DSPE. There was also a broadband at 3406 cm ™', imply-
ing hydroxyl groups of HA.

These results suggest that the chemical structure of the
DSPE-HA conjugate has hydroxyl groups of HA, methy-
lene groups, and carbonyl groups of DSPE, confirming the
successful coupling between DSPE and HA. However, the
spectrum of the DSPE-HA single-point conjugate showed
a sharp peak at 1617 cm™ ! related to the carboxylic groups
of HA (Figure 1C), suggesting that the single-point con-
jugate retained the integrity of the HA chain. In contrast,
the peak intensity of carboxyl groups was significantly
lower for the DSPE-HA multipoint conjugate than for
the single-point conjugate. This implies that the DSPE-

HA single-point conjugate was successfully synthesized,
but not through reactions with the carboxylic groups of
HA chains. The quantitative lipid assay revealed molar
ratios of DSPE linked to HA of 8.89:1 (DSPE-HA multi-
point conjugates) and 0.82:1 (DSPE-HA single-point
conjugates).

Synthesis and Representation of siRNA

Nanoparticles

Subsequently, we generated targeting Glil siRNA nano-
particles by inserting DSPE-HA conjugates (Figure 2A),
followed by an analysis of biophysical features.
Specifically, the sizes of different particles, including pro-
tamine/CS/Glil siRNA complexes, cationic liposomes,
Glil siRNA nanoparticles, and targeting Glil siRNA
nanoparticles were determined to be 101 nm, 109 nm,
123 nm, and 127 nm, respectively (Figure 2B). As
shown in Figure 2C, the zeta potential of the protamine/
CS/Glil siRNA complexes was approximately —20 mV,
due to the relative excess of negatively charged compo-
nents. After the addition of cationic liposomes, the zeta
potential of the resultant nanoparticles increased to
approximately +35 mV. Insertion of DSPE-HA conjugates
induced a reduction in zeta potential from +35 mV to —14
mV, suggesting the successful wrapping of HA onto the
surface of Glil siRNA nanoparticles via layer-by-layer
electrostatic interactions. The change in zeta potentials
illustrates the systematic formation process of targeting
Glil siRNA nanoparticles. For comparison, non-targeted
Glil siRNA nanoparticles were constructed, in which
DSPE-PEG was inserted instead of DSPE-HA. Other
cargo-loaded targeting nanoparticles, including FAM
siRNA and Cy5.5-siRNA, had similar sizes and zeta
potentials as the Glil siRNA loaded targeting nanoparti-
cles. This suggests the stability of the DSPE-HA modified
targeting nanoparticles.

To determine whether the DSPE-HA coating would
improve nanoparticle stability, the changes over time in
particle sizes of Glil siRNA nanoparticles and targeting
Glil siRNA nanoparticles were monitored in the presence
of 50% FBS. As shown in Figure 2D, the mean diameter
of Glil siRNA nanoparticles immediately increased from
approximately 120 nm to 500 nm upon addition of the
FBS. Over time, the particle sizes continued to increase to
approximately 1100 nm at 24 h. However, targeting Glil
siRNA nanoparticles, which were approximately 120 nm,
exhibited almost no change in particle size. Furthermore,
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Figure | Synthesis and representation of di-stearoyl-phosphatidyl-ethanolamine- hyaluronic-acid (DSPE-HA) conjugate. (A) Synthetic scheme for DSPE-HA single-point
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Figure 2 Preparation and representation of targeting Glil siRNA nanoparticles. (A) Schematic illustration of the process for preparing targeting Glil siRNA nanoparticles.
Cationic liposomes composed of |,2-di-oleoyl-3-trimethyl-ammonium-propane (DOTAP), di-oleoyl-phosphatidyl- ethanol-amine (DOPE), and cholesterol were prepared by
thin-film hydration followed by ultrasonic dispersion. Negatively charged nanoparticle cores were ternary electrostatic complexes composed of Glil siRNA, CS, and
protamine. The cores were further encapsulated with cationic liposomes using a self-assembly technique to produce core-shell Glil siRNA nanoparticles. Targeting Glil
siRNA nanoparticles were generated by insertion of DSPE-HA conjugates. The particle sizes (B) and zeta potentials (C) of protamine/chondroitin sulfate (CS)/Glil siRNA
complexes, cationic liposomes, Glil siRNA nanoparticles, and targeting Glil siRNA nanoparticles. Particle size changes (D) and relative turbidity (E) of Glil siRNA
nanoparticles and targeting Glil siRNA nanoparticles in 50% FBS. Data are presented as the mean * SD (n = 3).

Abbreviation: CS, chondroitin sulfate.

changes in the relative turbidity of non-targeting and tar-  experiments demonstrated that targeting Glil siRNA nano-
geting Glil siRNA nanoparticles were in accordance with  particles exhibited better stability in FBS due to their
the size changes of each group (Figure 2E). These anionic charge.
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Identification of CD44 and Glil in Gastric
CSCs

Because CD44 serves as a marker for identifying CSCs in
gastric cancer,””’ we used the fluorescence-activated cell
sorting (FACS) method to isolate CD44+ and CD44— cell
subpopulations from AGS cells. The results show that the
proportion of CD44+ cells in the gastric cancer AGS cells
was 5.78% (Figure 3A). After 10 days of incubation,
CD44+ cells showed spherical colony formation, while
CD44~- gastric cancer cells formed few or no colonies
(Figure 3B). Over time, the purity of CD44+ cells disso-
ciated from the tumor spheroids increased to approxi-
mately 96%, which was much higher than that of CD44—
cells (Figure 3B).To distinguish the biological features of
the sorted CD44+ and CD44- cells, we further tested their
susceptibilities to antineoplastic agents, as illustrated in
Figure 3C. CD44+ cells showed more significant resis-
tance to 5-fluorouracil, mitomycin C, epirubicin and doc-
than CD44- This
successfully identified these sorted CD44+ cells as gastric

etaxel, cells. illustrates that we
CSCs. Furthermore, the results of the immunofluorescence
assays demonstrated much higher expression levels of
Glil in CD44+ than in CD44— cells (Figure 3D). These
results allowed us to design therapeutic nanoparticles for

dual-targeting CD44 and Glil in gastric CSCs.

Efficient Targeting of CD44+ and Glil in
Gastric CSCs

Next, we compared the binding affinity to the CD44 receptor
of the DSPE-HA single-point or multipoint conjugates, using
HA as a positive control. As shown in Figure 4A, all three
demonstrated significant binding to CD44 in a concentration-
dependent manner. The DSPE-HA single-point conjugate
showed a higher binding affinity than multipoint conjugate.
There was no significant difference in binding affinity
between the DSPE-HA single-point conjugate and HA across
all concentrations. Consequently, the DSPE-HA single-point
conjugate was chosen for the preparation of CSC-targeting
Glil siRNA nanoparticles in follow-up studies, because of its
greater binding affinity to the CD44 receptor.

To quantitatively investigate cellular uptake into CD44+
CSCs of free FAM siRNA, FAM siRNA nanoparticles, or
targeting FAM siRNA nanoparticles, we performed flow
cytometry to detect the fluorescence intensity of internalized
FAM. As shown in Figure 4B, targeting FAM siRNA nano-
particles showed significantly higher levels of cellular uptake
than non-targeting FAM siRNA nanoparticles. Moreover, in

competitive binding assays (Figure 4B), excess free HA
significantly inhibited the uptake of targeting FAM siRNA
nanoparticles, via endocytosis mediated by the interaction of
the HA ligand and CD44 receptor. Figure 4B suggests that
the targeting FAM siRNA nanoparticles were selectively
guided to and internalized into CD44+ CSCs via endocytosis.

Consistent with the results from flow cytometry
(Figure 4B), we observed greater intracellular accumulation
and specific distribution of targeting Glil siRNA nanoparticles
under a confocal microscopy (Figure 4C), and reduced inten-
sity when samples were pre-treated with free HA. We further
evaluated the distribution of siRNA nanoparticles in time
course (Figure 4D). When treated for 1 h, targeting FAM
siRNA nanoparticles that were stained in extensive yellow
were colocalized in lysosomes with very limited staining in
green. However, the green staining in the cells gradually
increased with a corresponding reduction in yellow staining,
and disappeared nearly 8 h post-treatment, showing that most
of the siRNA had escaped from the lysozymes.

As shown in Figure 4E, Glil protein levels in CD44+
CSCs treated by either non-targeting or targeting Glil
siRNA nanoparticles were significantly down-regulated in
Western blot assay. Blank and targeting NC siRNA nano-
particles had no effect on Glil protein expression.
Furthermore, Glil expression in cells treated with targeting
Glil siRNA nanoparticles showed a significantly stronger
reduction than those treated with non-CSC targeting Glil
siRNA nanoparticles, due to the enhanced efficiency of
siRNA delivery via HA-CD44 mediated internalization.

Significant Inhibition of Gastric CSCs

Stemness in vitro

After determining the selective endocytosis and specific
inhibition of Glil expression by targeting Glil siRNA nano-
particles, we tested if they had an effect on the cellular
proliferation of CD44+ CSCs. As shown in Figure 5A,
blank targeting nanoparticles did not exhibit any obvious
cytotoxicity even at the highest concentration, suggesting
that targeting nanoparticles may serve as suitable vehicles
for drug delivery without causing serious cytotoxicity.
Moreover, targeting Glil siRNA nanoparticles significantly
inhibited cell proliferation at different concentrations, stron-
ger than that of non-CSC-targeting Glil siRNA nanoparti-
cles. These results imply that Glil siRNAs were more readily
internalized into CD44+ cells via HA ligand-mediated endo-
cytosis, leading to significant increases in their delivery
efficiency and greater inhibitory rate of cell proliferation.
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Figure 3 lIdentification of CD44 and Glil in gastric cancer stem cells (CSCs). (A) Expression of CD44 marker of AGS cells stained with FITC-conjugated CD44 antibody by
fluorescence-activated cell sorting (FACS) analysis. (B) The purity of CD44+ and CD44~ cells dissociated from the tumor spheroids in serum-free medium. Those cells were stained
with FITC-conjugated CD44 antibody and subjected to flow cytometry analysis to determine the CD44 expression. (C) Comparison of chemo-resistance between CD44+ and CD44—
cells. CD44+ and CD44— cells were exposed to a series of concentrations of 5-fluorouracil (0.4—120uM), mitomycin C (0.01—10uM), epirubicin (0.001-5uM) and docetaxel (0.001
—2uM), respectively. The CCK-8 assay was performed at the end of incubation. (D) Immunofluorescence analysis of Glil in CD44+ and CD44— cells using laser scanning confocal
microscopy. Cells fixed by paraformaldehyde were stained with anti-Glil antibodies followed by incubation with fluorescent secondary antibodies and DAPI staining of the nucleus.
Green staining denotes the anti-Glil antibody and blue indicates the nuclei of CD44+ or CD44— cells. Scale bars indicate 20 um.

Note: * Indicates p < 0.05 as compared with CD44— cells.
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We further assessed the effects of targeting Glil siRNA
nanoparticles on CD44+ cells by AFM to examine
the changes in cellular topography, ultrastructure, and mor-
phology at the molecular level. As shown in Figure 5B, intact
cell membranes, cytoskeletal fibers, and dense filopodia and
lamellipodia were observed clearly in control cells, and in
cells treated with targeting NC siRNA nanoparticles. After
treated with Glil siRNA nanoparticles, the cells seemed to be
contracted with some holes and truncated lamellipodia.
However, cells incubated with targeting Glil siRNA

Targeting FAM siRNA

Targeting FAM siRNA|
nanoparticles + HA

Free FAM siRNA

FAM siRNA
nanoparticles

nanoparticles

nanoparticles appeared shrunken with nucleus fragmentation
and partial structural collapse, as well as loss of filopodia and
lamellipodia. This suggests that the targeting Glil siRNA
nanoparticles exhibited much stronger inhibitory effects than
Glil siRNA nanoparticles.

Subsequently, we investigated the effects on CSC self-
renewal of targeting Glil siRNA nanoparticles by using
colony, tumor spheroid, and soft agar colony formation
assays. The results in Figure 5C revealed that targeting Glil
siRNA nanoparticles more significantly inhibited plate
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Figure 4 Effects of targeting CD44+ and Glil in gastric cancer stem cells (CSCs). (A) The binding affinity to recombinant human CD44 receptor of the di-stearoyl-
phosphatidyl-ethanolamine-hyaluronic-acid (DSPE-HA) single-point and multipoint conjugates, analyzed by enzyme-linked immunosorbent assay (ELISA). Error bars indicate
SD for n = 3. (B) A competitive binding assay was used to determine cellular uptake in CD44+ cells after treatment with either non-targeting or targeting FAM siRNA
nanoparticles, with and without HA preincubation. After the culture medium was replaced by fresh OPTI-MEM, the cells were incubated with various formulations
containing 100 nM FAM siRNA for 3h. The assay was analyzed using flow cytometry. The upper and lower panels show the images of flow cytometry analyses and
quantitative evaluation of the mean fluorescent intensities, respectively. (C) Intracellular accumulation of siRNAs in CD44+ cells was investigated by laser scanning confocal
microscopy analysis. The CD44+ cells were treated with free FAM siRNA, FAM siRNA nanoparticles, targeting FAM siRNA nanoparticles, or pre-treated with HA for 30 min
followed by treatment with targeting FAM siRNA nanoparticles. Blue staining indicates the nuclei of CD44+ cells stained with DAPI while green indicates FAM siRNA. All
data shown are representative of three independent experiments. a, b, ¢, and d: p < 0.05, compared with the control, free FAM siRNA, FAM siRNA nanoparticles, and
targeting FAM siRNA nanoparticles, respectively. Scale bars indicate 20 um. (D) Localization and distribution of targeting FAM siRNA nanoparticles in CD44+ cells.
Lysosomes were visualized as red fluorescence due to staining of the cells with Lyso-Tracker Red DND-99; targeting FAM siRNA nanoparticles were visualized as green
fluorescence. Blue indicates nuclei stained with Hoechst 33342. The red and green staining indicates non-colocalization of nanoparticles and lysosomes while yellow
demonstrates colocalization of nanoparticles with lysosomes. Scale bars indicate 25 pm. (E) Glil expression levels in CD44+ cells treated with different Glil siRNA
formulations were determined by Western blot analysis. Band intensities were quantified using Image] software. Data are presented as the mean + SD (n = 3).

Notes: *®Indicate p < 0.05 as compared with the HA and DSPE-HA single-point conjugate, respectively. *“Indicate p < 0.05 as compared with the control, blank targeting
nanoparticles, targeting NC siRNA nanoparticles, and Glil siRNA nanoparticles, respectively.

colony formation than Glil siRNA nanoparticles, whereas
both blank and targeting NC siRNA nanoparticles had almost
no effect on colony formation. Similar to the effects on CSCs
colony formation, targeting Glil siRNA nanoparticles almost
completely inhibited the capacity to form tumor spheroids
(Figure 5D) and soft agar colony formation (Figure 5E).
These results indicate that targeting Glil siRNA nanoparti-
cles effectively inhibited the self-renewal capacity of CSCs.

Besides the above assays, we evaluated the malignant
behavior of gastric CSCs with the treatment of targeting Glil
siRNA nanoparticles by testing parameters of wound-healing,
migration and Matrigel invasion. As shown in Figure 6A, the
wound-healing rate in control cells at 24 h was 63.1%. Blank
targeting nanoparticles and targeting NC siRNA nanoparticles

had no effect on the rate. Glil siRNA nanoparticles reduced
the wound-healing rate to 24.9%. However, the wound-
healing response of CSCs was almost completely inhibited,
with a wound-healing rate of 8.4% when samples were treated
with targeting Glil siRNA nanoparticles. Subsequently, we
evaluated the migration of CD44+ CSCs as shown in
Figure 6B. The Glil siRNA nanoparticles significantly inhib-
ited cell migration. Similarly, a greater inhibitory effect on
invasion was observed (Figure 6C).

Effective Inhibition of 3D Tumor Growth

via Effective Penetration
To evaluate the effect on tumor penetration of targeting
Glil siRNA nanoparticles, we selected a 3D spheroid
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Figure 5 Influence on gastric cancer stem cell (CSC) stemness of targeting GlilsiRNA nanoparticles in vitro. (A) Effects of targeting Glil siRNA nanoparticles on cellular
proliferation of CSCs based on CCK-8 assays. Data are presented as the mean + SD from three independent experiments. a, b and c indicate p < 0.05 as compared with
blank targeting nanoparticles, targeting NC siRNA nanoparticles, and Glil siRNA nanoparticles, respectively. (B) AFM images of CD44+ cells induced by PBS (pH 7.4),
targeting NC siRNA nanoparticles, Glil siRNA nanoparticles and targeting Glil siRNA nanoparticles. The top and bottom images show full (60 X 60 um?) and magnified
images (30 x 30 pmz) of the cells, respectively. (C-E) Effects on CSC self-renewal of targeting Glil siRNA nanoparticles using colony (C), tumor spheroid (D) and soft agar
colony (E) formation assays. Scale = 200 um. The semi-quantification analysis for each experiment in (C-E) was performed as shown in bar graphs of the right panels,
followed with a comparison test. Data are presented as the mean * SD (n = 3).

Note: *“Indicate p < 0.05 as compared with the control, blank targeting nanoparticles, targeting NC siRNA nanoparticles and Glil siRNA nanoparticles, respectively.
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Figure 6 Effects on in vitro cell migration and invasion of targeting GlilsiRNA nanoparticles. (A) Wound-healing response of cancer stem cells (CSCs) to different Glil
siRNA formulations detected using a wound-healing migration assays 24 h post-treatment. Invasive wounds of adherent CD44+ cells were created by single scratches in the
cell monolayers using a pipettor tip. Wound-healing responses were subsequently evaluated for different Glil siRNA nanoparticle formulations at 0 h and 24 h post-
treatment. The influence of different Glil siRNA formulations on CD44+ cell (B) migration capability based on cell migration assays and (C) invasion capability using
Transwell Matrigel assays. The numbers of migrated and invaded cells from five random visual fields were determined from three independent experiments. The semi-
quantification analysis for each experiment was performed as shown in a bar graph of the right panel, followed with comparison test.

Notes: *“Indicate p < 0.05 as compared with the control, blank targeting nanoparticles, targeting NC siRNA nanoparticles, and Glil siRNA nanoparticles, respectively. Scale
bar represents 100 pm.

model of gastric CSCs. Figure 7A shows the high well-
penetration ability of targeting FAM siRNA nanoparti-
cles into CSCs spheroids, with strong fluorescence in the
range from —10 to —60 pm, whereas the cores of the

spheroids treated with FAM siRNA nanoparticles were
invisible (Figure 7B). Volumes of 3D spheroids treated
with targeting Glil siRNA nanoparticles were obviously
reduced compared with those treated with Glil siRNA

submit your manuscript

7026

Dove!

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove Yao et al

A

Top -10pm -20pm -30pm -40pm -50pm -60pm -70pm -80pm

FAM siRNA
nanoparticles

Targeting
FAM siRNA
nanoparticles
day 0 day 1 day 2 day 3 day 4 day 5 400.0 o ¥ Control
= —#-Targeting NC siRNA nanoparticles
Coiitiol ’ f- —O-Glil siRNA nanoparticles
om0 . § ——Targeting Glil siRNA nanoparticles
< 300.0
Targeting :
NC siRNA -]
nanoparticles o 200.0
E
Glil siRNA 2
. >
nanoparticles =
e 1000 ¢
v
Targeting S
Glil siRNA ' 7 =
nanoparticles 0.0 N . . 2 a0
0 1 2 3 4 5
Time (days)
D Targeting NC siRNA Glil siRNA Targeting Glil siRNA
Control . . .
nanoparticles nanoparticles nanoparticles

XS, 088 Swem P “ 5 3 Ay 3 X5, 080 Sim

Figure 7 Effect on 3D tumor penetration and growth of cancer stem cells (CSC) spheroids. (A) Confocal images of CSC spheroids treated with FAM siRNA nanoparticles
or targeting FAM siRNA nanoparticles for 12 h. Z-stack images were obtained from the top of the spheroid toward the equatorial plane in layers |0 um thick. Scale bars
indicate 40 um. (B) The images of CSC spheroids treated with different nanoparticles under an inverted microscope. Scale bars indicate 200 um. (C) Inhibitory effect on the
growth of CSC spheroids after applying different nanoparticles. After treatment with the various nanoparticles, the maximum diameters (dm,x) and minimum diameters
(dmin) of the spheroids were measured under an inverted microscope. The spheroid volume was calculated using the following formula: V= (T X dp.x X dmin)/6. The volume-
change ratio of spheroids was calculated using the formula R= (Vayi/Vaay 0) X100%, where the Vg, ; is the spheroid volume on the i"" day (Day 1, 2, 3, 4, 5) after treatment
with nanoparticles, and Vs, o is the spheroid volume before treatment. Data are presented as the mean + SD (n =3). (D) Scanning electronic microscope (SEM) photographs
of CSC spheroids after treatment with different nanoparticles at day 3. The images are shown at 300 and 5000 magnification, respectively.

Note: *“Indicate p < 0.05 as compared with the control, targeting NC siRNA nanoparticles and Glil siRNA nanoparticles, respectively.

nanoparticles. The ratios of spheroid volume change on via SEM images were detected in the groups treated with
Day 5 were 348.4 £ 7.2% for PBS, 335.4.5 + 6.5% for various nanoparticles on day 3 (Figure 7D). The spher-
targeting NC siRNA nanoparticles, 60.9 + 8.3% for Glil  oids treated with Glil siRNA nanoparticles had morpho-
siRNA nanoparticles and 27.3 £ 1.9% for targeting Glil  logical changes with some sunkens compared to the
siRNA nanoparticles (Figure 7C). Further, 3D spheroids  controls. However, 3D spheroids after treated with
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Figure 8 Specific in vivo distribution of Cy5.5-labeled siRNA in relapsed tumors (n = 3 mice/group). (A) In vivo imaging of relapsed tumors induced from AGS-derived
gastric cancer stem cells (CSCs) in mice 0.5 h, | h, 3 h, 6 h, 12 h, and 24 h after intravenous injection of 5% glucose (left panel), Glil siRNA nanoparticles (middle panel), and
targeting Glil siRNA nanoparticles (right panel). (B) Ex vivo optical images of tumors and organs of mice sacrificed after 24 h of treatment.
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Figure 9 Efficacy of targeting Glil siRNA nanoparticles in BALB/c nude mice bearing relapsed tumors induced from AGS-derived cancer stem cells (CSCs). (A) Antitumor
efficacy of treatments with 5% glucose, blank targeting nanoparticles, targeting NC siRNA nanoparticles, Glil siRNA nanoparticles, or targeting Glil siRNA nanoparticles. At
20 d, 22 d, 24 d, 26 d, 28 d, and 30 d post inoculation, the mice received, via tail vein injection, either 5% glucose, blank targeting nanoparticles, targeting NC siRNA
nanoparticles, Glil siRNA nanoparticles, or targeting Glil siRNA nanoparticles at doses of | mg/kg siRNA. Data are presented as the mean + SD (n = 6 mice/group). (B)
Changes in body weight of mice bearing relapsed tumors after treatment with the agent indicated. The arrows under X-axis indicate the dates for treatments. (C) Protein
levels of Glil expression in tumors after treatment were determined using Western blot assay. Three samples per group were analyzed. Protein band intensities were
quantified by using Image | software. Data in the bar graph are the mean # SD. Statistical significance was evaluated.

Notes: *“Indicate p < 0.05 as compared with the treatment groups of 5% glucose, blank targeting nanoparticles, targeting NC siRNA nanoparticles, and Glil siRNA
nanoparticles, respectively. The arrows under X-axis indicate the dates for treatments. *bIndicate p < 0.05 as compared with the treatment groups of 5% glucose and
targeting NC siRNA nanoparticles, respectively.
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targeting Glil siRNA nanoparticles showed the most
obvious morphological changes, including partial col-
lapse, disintegration, and loss of 3D structure. This indi-
cates that the targeting Glil siRNA nanoparticles
effectively inhibited in vitro 3D tumor growth via effec-

tive penetration.

In vivo Imaging in Gastric Tumor
Xenografts

To maximally enhance therapeutic effects and avoid toxi-
city, Cy5.5 fluorescent siRNAs were employed to track the
biodistribution of the prepared nanoparticles by using
in vivo imaging. As shown in Figure 8A and B, there
was stronger fluorescence intensity in tumors treated with
targeting Cy5.5 siRNA nanoparticles than in those treated
with non-targeting nanoparticles. The results indicate the
enhanced enrichment of fluorescence in tumors treated
with targeting Cy5.5 siRNA nanoparticles, which might
be attributed to the interaction of DSPE-HA conjugates
with CD44.

Effective Repression of Relapsed Gastric

CSC Tumors in vivo

To determine the in vivo efficacy of targeting Glil siRNA
nanoparticles in CSCs, we established relapsed tumor mod-
els in BALB/c nude mice using a small number (8 x 10%) of
CD44+ CSCs sorted from the AGS cells that were used to
generate new tumor masses according to a previous
approach.** As shown in Figure 9A, tumor growth was
significantly inhibited by targeting Glil siRNA nanoparti-
cles. In contrast, treatment with blank targeting nanoparti-
cles or targeting NC siRNA nanoparticles failed to inhibit
tumor growth. No animals showed any significant changes
in body weight (Figure 9B), suggesting a level of safety for
this novel systemic siRNA delivery system. Significantly
reduced levels of Glil protein in relapsed AGS tumor tissues
treated with targeting Glil siRNA nanoparticles were further
confirmed in Western blot analysis (Figure 9C), as compared
to that in either untreated or NC siRNA nanoparticles treated
groups.

Discussion

CSCs are responsible for metastasis, relapse, and chemo-
resistance or radio-resistance in cancer. Hence, the effec-
tive eradication of CSCs using novel therapeutic agents is
of fundamental importance for curing and preventing
relapse of gastric cancer. A myriad of signaling pathways

have been described as being involved in CSC prolifera-
tion, self-renewal, differentiation and migration, such as
Wnat, Notch and Hh.*' Hh pathway is well known as an
important signaling regulator in CSCs. It is initiated when
Hh ligand binds to its receptor Patched (Ptch), resulting in
inhibition of Smoothened (Smo) protein and subsequent
activation of the downstream Gli proteins including Glil,
Gli2, and Gli3 as transcription factors (TFs). Glil activa-
tion, being the last essential step in the Hh signaling, plays
a central role in CSC proliferation since it can be translo-
cated into nucleus to regulate targeted gene expression.*?
Therefore, interventions targeting the Hh pathway via
extracellular Hh ligands, membrane receptor Smo, and
especially intracellular TF Gli proteins may be effective
in eradicating CSCs, consequently reducing or preventing
the recurrence and metastasis of cancer.*? Therefore, in the
present study, we developed a novel gene delivery system
to inhibit Glil functioning in gastric CSCs using targeted
nanoparticles with a self-assembly method. Since we had
previously identified CD44 as a cell surface marker of
gastric CSCs,** we successfully sorted and used CD44+
cells as gastric CSCs for the follow-up study to character-
ize our therapeutic siRNA nanoparticles (Figure 3A and
B). We also demonstrated that Glil was more highly
activated in these CD44+ cells than in CD44— cells
(Figure 3D). That allowed us to design therapeutic nano-
particles for dual-targeting CD44 and Glil in gastric
CSCs.

Previous analysis of the X-ray crystal structure of the
HA-CD44 complex has indicated that oxygen atoms of the
carboxylic groups in HA are associated with GIn24,
Alal02, Alal03 and Tyr83, which play a key role in the
recognition of CD44.*> Computational simulations have
also revealed that the carboxylic groups of HA were
important to successfully achieve an interaction between
HA and CD44.* Any chemical modification of carboxyl
groups in HA would reduce its affinity. In the multipoint
conjugates, carboxyl groups of HA were coupled with
amine groups of DSPE, thus reducing its affinity with
CD44 receptors. However, the coupling reaction for the
DSPE-HA single-point conjugate occurred only in the
aldehyde group at the reducing end of HA, which facili-
tated the conjugate to maintain the integrity of the whole
carboxyl chain and gave it an excellent affinity with CD44
receptors. Therefore, in the present study, we designed to
prepare for DSPE-HA single-point conjugate with a higher
binding affinity than the multipoint conjugate for the first
time (Figures 1, 2 and 4A).
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To achieve systemic delivery of siRNA, one of the
common strategies is to directly incorporate negatively
charged siRNA with cationic liposomes by electrostatic
interaction, in which siRNA is incorporated onto the sur-
face of liposomes. However, there are a few disadvantages
to this strategy. First, because siRNA is not readily con-
densed by cationic liposomes via electrostatic interaction,
due to its rod-like rigidity, it tends to form looser com-
plexes with cationic liposomes, which might cause low
loading capacity, leading to potential leakage of the drug.
Second, in terms of systemic administration, siRNA pre-
sented on the surface of the liposomes is subject to degra-
dation in the enzyme-rich environment, or to replacement
by negatively charged molecules, which shortens the
effective circulating time of the delivery system. Third,
common methods of surface decoration, such as
PEGylation, may shield the positive charges of cationic
liposomes or induce stereospecific blockades, and conse-
quently impede the complexation of siRNA. Therefore, to
solve the above problems and avoid using encapsulation of
free siRNA in liposomes in the present study, we devel-
oped core-shell nanoparticles where the siRNA is encap-
sulated together with protamine and CS.

The zeta potential and particle size of the protamine/
CS/Glil siRNA complexes changed according to the ratio
of siRNA/CS to protamine. Once the ratio of siRNA/CS to
protamine in the complex increased, the zeta potential
decreased from positive to negative. The zeta potential of
protamine/CS/siRNA complexes was about —20 mV,
which is mainly due to the relative excess of negatively
charged components of CS. In the present study, we chose
1.0 as the optimal ratio of siRNA/CS to protamine,
because the complexes stayed negatively charged (—20
mV) with a relatively small size (~100 nm). These features
facilitated compression and encapsulation with cationic
liposomes via charge—charge interactions, to produce core-
shell Glil siRNA nanoparticles.

We found that the particle sizes (127 nm) and zeta
potential (—14 mV) of the targeting Glil siRNA nanopar-
ticles (Figure 2B and C) effectively facilitated their stabi-
lity, intracellular uptake, and targetability. First, we
demonstrated in vitro stability of the targeting Glil
siRNA nanoparticles which retained their properties for
an extended time (Figure 2D and E) due to their anionic
charge caused by DSPE-HA on their surface. Second,
DSPE-HA single-point conjugate modified cationic lipo-
somes were responsible for the enhancement of cellular
targeting FAM siRNA

uptake efficiency of the

nanoparticles, via a CD44-mediated cellular uptake path-
way. Our findings (Figure 4B and C) quantitatively and
qualitatively confirmed that the targeting FAM siRNA
nanoparticles were selectively guided to CD44+ gastric
CSCs, followed by internalization via CD44 receptor-
mediated endocytosis. Third, after internalization into the
CD44+ cells, the targeting FAM siRNA nanoparticles
became entrapped within endosomes or lysosomes. They
may subsequently escape from the endosome or lysosome;
otherwise, the siRNAs become degraded or leak out from
the cells. To determine if the targeting FAM siRNA nano-
particles were able to escape lysosomal degradation fol-
their
distribution using confocal microscopy. Most of the

lowing internalization, we evaluated cellular
siRNA was detected in lysosomes after 1 h of treatment
with the targeting FAM siRNA nanoparticles; however,
after 8 h, a large proportion of the nanoparticles were
observed in the cytoplasm and at the periphery of the
nucleus (Figure 4D). This confirmed that the siRNA suc-
cessfully escaped lysosomal degradation after internaliza-
tion. These results imply that after reaching the lysosomes,
the FAM siRNA dissociated from the targeting FAM
siRNA nanoparticles to function in the cytoplasm. This
may be attributed either to the membrane disruption prop-
erties of cationic carriers or to the proton sponge effect of
DOPE that was employed in the delivery system, as men-
tioned before.*®*” This effect allowed our siRNAs to be
released into the cytoplasm where they effectively silenced
the gene expression of the target cells (Figure 4E).

In addition, to determine if the targeting nanoparticles
enable efficient delivery of Glil siRNAs to CD44+
tumors, and accumulation of Glil siRNAs in these tumors,
we performed in vivo imaging analysis to evaluate the
distribution of siRNA in relapsed tumors derived from
AGS-CSCs. Since Glil siRNA does not exhibit sponta-
neous fluorescence, we used fluorescent Cy5.5 siRNA as
a probe and encapsulated it into targeting nanoparticles, as
a surrogate for tracking the distribution of Glil siRNA.
The results showed a clear increase in tumoral accumula-
tion of targeting CyS5.5 siRNA nanoparticles, whereas non-
targeted Cy5.5 siRNA nanoparticles were less stable
(Figure 8A). We speculate that the targeting Cy5.5
siRNA nanoparticles remained in the tumor masses
owing to extended circulatory and EPR effects. This was
attributed to the modification of DSPE-HA forming
a hydrophilic layer, leading not only to improved serum
stability but also to prolonged residence in the systemic
circulation. Besides the EPR effect,*® the specific delivery
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system via the ligand (HA)-receptor (CD44)-mediated
interaction facilitated the increased enrichment in tumor
tissue. Therefore, the HA motif enabled the targeting
siRNAs to avoid rapid uptake by the reticuloendothelial
system. However, the lower stability of non-targeted Cy5.5
siRNA nanoparticles may be attributed to their encounter-
ing and binding with a variety of plasma proteins, due to
their high positive charge, because of faster clearance by
the reticuloendothelial system in blood. In the present
study, compared to non-targeted siRNA nanoparticles,
our targeting siRNA nanoparticles had better accumulation
capability in tumor. This novel delivery system, in which
DSPE-HA single-point conjugates facilitate the specific
and stable deposition of Glil siRNA in the tumor mass,
was designed to improve both in vitro and in vivo tumor
growth-inhibition by the targeting Glil siRNA
nanoparticles.

Indeed, our bioactivity assays successfully demon-
strated that the targeting Glil siRNA nanoparticles were
able to interfere with gastric cancer relapse in vitro by
inhibiting the stemness of gastric CSCs, as well as the
growth of in vivo relapsed tumors (Figures 5, 6 and 9). In
addition, our CSC-targeted approach may prove helpful in
avoiding toxicity in healthy tissues adjacent to tumors,
thereby offering a reasonable level of safety. Our findings
might support the potential for clinical application of this
siRNA delivery system to treat aggressive relapsed gastric
cancer.

Previous studies have reported several Smo antago-
nists to block Hh signaling for cancer treatment, such as
GDC-0449,°° 1PI-926,!
siRNA.>? Although this is a reasonable approach, it is

cyclopamine,*’ and Smo
limited because tumors with acquired mutations in Smo
or downstream components will likely fail to respond to
Smo antagonists.”> Moreover, another report has demon-
strated that polyethyleneimine-spherical nucleic acid
nanoparticles loaded with Glil siRNA reduce the growth
of stem-like neurospheres and sensitize glioblastoma to
temozolomide chemotherapy in vitro.>* A similar study
has shown that the Glil inhibitor GANT61 potently
inhibits the proliferation of a CD34+ subpopulation of
acute myeloid leukemia cells and enhances sensitivity to
cytarabine.” These findings also indicate that the inhibi-
tion of transcriptional activity of Glil in CSCs may be
a potential strategy for cancer therapy. Consistent with
those studies, our findings demonstrate the potential anti-
tumor siRNA

bioactivity of the targeting Glil

nanoparticles by selectively targeting CD44 and blocking
Glil-mediated Hh signaling.

There are several limitations to our study. First, we
chose only one in vitro and in vivo gastric CSC model.
To more accurately verify the current findings, additional
cell lines and tumor models should be selected to exam-
ine the effect of the targeting Glil siRNA nanoparticles
delivery system on a wider range of applications.
Second, CSCs play a crucial role in the recurrence and
metastasis of cancer. In this study, the in vivo experi-
ments were examined only in the recurrence model of
gastric CSCs; hence, further pharmacodynamic evalua-
tion is required for the cancer metastatic model arising
from gastric CSCs. Third, in terms of the molecular
mechanism, we only investigated the protein levels of
Glil following treatment with various formulations in
Western blot analysis. In future, it would be useful to
perform mechanistic studies to further investigate Hh
signaling components (Shh, Ptch, Smo), cancer stemness
genes (Oct4, Sox2, Snail) and downstream target genes
(cyclin D1, c-Myc and Bcl-2) using more techniques.

Conclusions

In summary, targeting Glil siRNA nanoparticles were
designed and developed to selectively eliminate gastric
CSC:s for dual-targeting CD44 and Glil. DSPE-HA single-
point conjugates were prepared and subsequently coupled
on the surface of the Glil siRNA nanoparticles to generate
our targeted delivery system for therapeutic siRNAs that
were specifically guided to CD44+ CSCs. In vitro and
in vivo studies revealed that the targeting Glil siRNA
nanoparticles were specifically and stably enriched in the
tumor mass, selectively eliminated gastric CSCs, and con-
sequently exhibited superior therapeutic efficacy. This
novel targeted agent may serve as a promising drug for
preventing recurrence and metastasis of gastric cancer in
future. The approach of nanoparticle delivery system via
DSPE-HA single-point conjugates provides insights into
potential technique platforms to facilitate the delivery of
therapeutic siRNAs to gastric CSCs.
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