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Abstract

Background: siRNAs hold a great potential for cancer therapy, however, poor stability in body fluids and low cellular
uptake limit their use in the clinic. To enhance the bioavailability of siRNAs in tumors, novel, safe, and effective carriers
are needed.

Results: Here, we developed cationic solid lipid nanoparticles (cSLNs) to carry siRNAs targeting EphA2 receptor tyros-
ine kinase (siEphA2), which is overexpressed in many solid tumors including prostate cancer. Using DDAB cationic
lipid instead of DOTMA reduced nanoparticle size and enhanced both cellular uptake and gene silencing in prostate
cancer cells. DDAB-cSLN showed better cellular uptake efficiency with similar silencing compared to commercial
transfection reagent (Dharmafect 2). After verifying the efficacy of siEphA2-loaded nanoparticles, we further evalu-
ated a potential combination with a histone lysine demethylase inhibitor, JIB-04. Silencing EphA2 by siEphA2-loaded
DDAB-cSLN did not affect the viability (2D or 3D culture), migration, nor clonogenicity of PC-3 cells alone. However,
upon co-administration with JIB-04, there was a decrease in cellular responses. Furthermore, JIB-04 decreased EphA2
expression, and thus, silencing by siEphA2-loaded nanoparticles was further increased with co-treatment.

Conclusions: We have successfully developed a novel siRNA-loaded lipid nanoparticle for targeting EphA2. Moreo-
ver, preliminary results of the effects of JIB-04, alone and in combination with siEphA2, on prostate cancer cells and
prostate cancer tumor spheroids were presented for the first time. Our delivery system provides high transfection
efficiency and shows great promise for targeting other genes and cancer types in further in vitro and in vivo studies.

Keywords: EphA2, Receptor tyrosine kinase, siRNA, Non-viral gene delivery, Cationic solid lipid nanoparticles, DDAB,
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Background

Cancer is a leading cause of death worldwide, with pros-
tate cancer accounting for 7.1% of all cancer cases [1].
Today, common traditional chemotherapeutic agents
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complex heterogeneity, recent studies have focused on
personalized medicine strategies that specifically target
tumor markers [3, 4]. These innovative anticancer treat-
ment approaches include the use of RNA interference
(RNAi)-based therapeutics that specifically silence onco-
genes [5] or the use of selective anticancer agents that
reorganize dysregulated epigenetic machinery in tumor
cells [6].

Small interfering RNA (siRNA) is an effective tool of
RNAi-based therapy for gene silencing with high speci-
ficity and efficacy [7]. However, siRNA molecules require
suitable carriers (viral vectors or non-viral delivery sys-
tems) for successful translation into the clinic. These car-
riers are essential for the stability of siRNA molecules in
body fluids, efficient uptake, and subsequent intracellular
trafficking for desired efficacy [8]. Among these delivery
systems, lipid-based non-viral carriers have attracted
great attention as they provide a safe alternative to viral
vectors, and patisiran (ONPATTRO®, formerly ALN-
TTRO02), the first-in-human lipid nanoparticle-based
siRNA drug, received US-FDA approval in 2018 [9].
Additionally, many clinical trials are ongoing with lipid-
based siRNA carriers for the treatment of various dis-
eases including prostate cancer [10, 11]. One of these
carriers being tested is an siRNA targeting EphA2/1,2-
Dioleoyl-sn-glycero-3-phosphocholine (siEphA2/DOPC)
liposome, EPHARNA, which silences high levels of
EphA2 receptor in advanced or recurrent solid tumors
including prostate [12]. Cationic solid lipid nanoparticles
(cSLNs) have many advantages over liposomal carriers
such as physical stability, preparation without organic
solvents, cost-effectiveness, and ease of scale-up [13].
However, to the best of our knowledge, there is no study
using cSLNs for siEphA2 delivery.

Eph receptor A2 (EphA2) is a member of the receptor
tyrosine kinase (RTK) family that regulates key cellular
processes such as cell proliferation, survival, and differen-
tiation [14]. EphA2 is overexpressed in many cancers such
as prostate, ovarian, breast, lung, brain, urothelial, and
skin [15]. EphA2 upregulation is associated with tumor
invasion, metastasis, survival, and angiogenesis [14, 15].
Therefore, various systems targeting EphA2 and other
RTKs have been developed for the treatment of many
solid tumors including prostate cancer [15, 16]. However,
resistance to RTK inhibitors can occur in tumors through
several different mechanisms. One mechanism involves
the rewiring of the epigenetic machinery in cancer cells.
For instance, overexpression of the histone lysine dem-
ethylase (KDM)5A is indispensable for the emergence of
a subpopulation of cancer cells resistant to EGFR inhibi-
tors [17]. In addition, other members of the KDM family
(KDM4A, KDM4B, and KDM4C) are overexpressed in
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tumors of prostate, lung, colorectal, breast [18] and have
been shown to promote drug resistance [19]. As such,
various KDM inhibitors have been developed to reverse
the epigenetic rewiring [20] and hold great potential for
single treatment as well as combination therapy [21, 22].
JIB-04 (5-chloro-N-[(E)-[phenyl(pyridin-2-yl)methyl-
idene]amino]pyridin-2-amine) is a novel small-molecule
inhibitor of KDM5A-B, KDM4A-E, KDM6B that shows
selectivity to cancer cells without harming normal cells
[23, 24]. The anti-tumor effects of JIB-04 in lung [22, 23,
25], glioblastoma [21, 26], colorectal [27], gastric [28]
cancers, hepatocellular carcinoma [29], leukemia [30],
and Ewing sarcoma [31] have been studied in a great
detail. JIB-04 re-sensitizes resistant cells to carboplatin-
paclitaxel, cytarabine, and temozolomide; and increases
the anti-tumor activity of these drugs in non-small cell
lung cancer (NSCLC) [22], leukemia [30], and glioblas-
toma multiforme [21, 26], respectively. However, studies
with JIB-04 in prostate cancer are limited to in vitro cyto-
toxicity [23].

In this study, we aimed to develop a cationic solid lipid
nanoparticle/siRNA complex targeting EphA2 recep-
tor (cSLN/siEphA2 complex) for use in the treatment of
advanced cancers with high levels of EphA2 expression
and investigate its anticancer activity alone and in combi-
nation with a pan-KDM inhibitor JIB-04 for prostate can-
cer therapy in vitro. After characterizing and selecting
the most effective complex based on cellular uptake effi-
ciency, cytotoxicity, and EphA2 gene silencing efficiency
in prostate cancer cells, its anticancer effect with epi-
genetic agent JIB-04 on cell viability (2D and 3D tumor
spheroids), migration, and colony formation was evalu-
ated in vitro.

Materials and methods

Materials

JIB-04 was a generous gift from Assoc. Prof. Ph.D. Elisa-
beth Martinez from Department of Pharmacology, Uni-
versity of Texas Southwestern Medical Center, USA.
Solid lipids—Precirol ATO 5 and Compritol 888 ATO
were gifts from Gattefossé (France). Surfactants—Kol-
liphor RH 40 (Cremophor RH 40, KRH40) was a gift
from BASF (Germany) and Span 80 (S80) was purchased
from Sigma-Aldrich (Germany). Propylene glycol (PG)
was used as a co-surfactant and acquired from Merck
(Germany). Cationic lipids—1,2-di-O-octadecenyl-3-tri-
methylammonium propane (chloride salt) (DOTMA)
was purchased from Avanti Polar Lipids (USA) and dime-
thyldioctadecylammonium bromide (DDAB) from Tokyo
Chemical Industry (Japan). Standard ultra-pure water
(upH,0) was used in all formulations.
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Preparation of cSLNs by a modified hot microemulsion
method

Formulations were prepared by the modified hot
microemulsion method as described previously [32].
Briefly, solid lipids (Precirol:Compritol; 1.25%:1.25%;
w/w), the mixture of surfactants and co-surfactant
(KRH40:S80:PG; 1.5%:0.5%:2%; w/w), and cationic lipid
DDAB for DDAB-cSLN or DOTMA for DOTMA-cSLN
(0.5% w/w) were weighed into a glass vial and stirred at
the temperature above the melting points of solid lipids
(80 °C). After obtaining a homogenous mixture, upH,O
at 80 °C was added dropwise to this mixture while stir-
ring (1500 rpm). Subsequently, the sample was cooled
by stirring for an extra 30 min at room temperature.

Measurement of particle size and zeta potential

The cSLN formulations and their siRNA complexes
were diluted in upH,O as appropriate. The dynamic
light scattering (DLS) method was performed at 173°
back-scattering mode to measure the Z-average parti-
cle size and polydispersity index (PDI) using Zetasizer
NanoZS$ instrument (Malvern Panalytical Ltd., UK).
Electrophoretic light scattering technique was used to
measure electrophoretic mobility and zeta potential
was calculated according to the Smoluchowski equa-
tion using equipment software (Malvern Panalytical
Ltd., UK). To determine the change in particle size,
PDI, and zeta potential of ¢SLN formulations upon
storage at room temperature, they were stored in 4 mL
clear glass vials with polytetrafluoroethylene-lined caps
(Agilent, USA), and measurements were performed at
2, 4, 8 and 12 weeks after the preparation day (Day 0).
All measurements were performed at 25 °C at least in
triplicate.

Gel retardation (complexation) assay

Gel retardation assay was conducted using agarose
gel electrophoresis to determine the optimal amount
of the formulation for complex formation with siRNA
[32]. Briefly, different amounts of ¢SLN with a con-
stant amount of siRNA (67 ng) were incubated at room
temperature on a shaker (500 rpm, 30 min). Complex
formation was evaluated by observing the electropho-
retic mobility of free siRNA in a 2% agarose gel. The
gel was visualized under a UV Transilluminator (Vilber
Lourmat, France) after ethidium bromide (0.5 pg/mL)
staining. Densitometric analysis was performed using
Image] (v1.52 i, Wayne Rasband, NIH, USA) to calcu-
late the siRNA-binding efficiency of ¢SLNs. Non-bind-
ing siRNA amount was determined relative to naked
siRNA that was considered as 100 %. The molar ratio of
cationic lipid nitrogen to siRNA phosphate (N/P ratio)
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with no detectable band or smear of free siRNAs was
chosen as optimum and used in further analyses.

Heparin-induced siRNA release assay

Heparin is a negatively charged competing biomolecule,
which is widely used for evaluating siRNA release [33].
We assessed siRNA release from the cSLNs in the pres-
ence of heparin in three physiological solutions by aga-
rose gel electrophoresis. After the formation of ¢cSLN/
siRNA complexes at optimum N/P ratios, complexes
were incubated with heparin (10 IU/mL) (NEVPARIN®,
Gensenta, Turkey) in HEPES-buffered glucose solution
(HBG) (Sigma-Aldrich, Germany), DMEM/F12 cell cul-
ture medium or 0.9 % Saline Solution at 37 °C for 30 min.
Samples were electrophoresed on 2% agarose gel in
0.5x Tris-Borate-EDTA (TBE) buffer (100 V, 20 min.).
Released siRNA bands were visualized as described ear-
lier. Densitometric analysis was performed to determine
the released siRNA amount relative to the control, naked
siRNA treated with heparin (siRNA + heparin), using
Image].

RNase A and serum protection assay

The pre-formed cSLN/siRNA complexes were incubated
at 37 °C with RNase A (10 pg/mL) for 30 min or with fetal
bovine serum (FBS; #10270-106 Gibco, 50% v/v) for 1 h
or 4 h. After incubation, a stop solution (SS; 100 pg/mL
proteinase K for nuclease inactivation, 1% w/v SDS for
release of siRNA, 0.5 mM EDTA for protection of RNA
from activated proteinase K, and upH,O) was added
to terminate the reaction and release the siRNA. After
incubation with SS at 37 °C for 30 min, the samples were
loaded onto a 2% agarose gel prepared with 0.5x TBE
buffer using 50% glycerol as a gel loading reagent. The
protected siRNA bands were visualized following eth-
idium bromide staining using a UV Transilluminator
as before. Naked siRNA 4SS, cSLN/siRNA complexes
treated with SS were used as negative controls to com-
pare with nuclease-treated samples. A 50% FBS—+SS
was loaded as a control to show the bands resulted from
serum.

Transmission electron microscopy (TEM)

Samples (3 pL) were dried on carbon-coated 400 mesh
copper grids (Electron Microscopy Sciences, USA) over-
night at room temperature in a desiccator. TEM imaging
was performed in the Transmission Electron Microscopy
Laboratory at Middle East Technical University, Ankara,
Turkey using high contrast transmission electron micro-
scope Tecnai G2 BioT WIN (FEI Company, USA).
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Scanning electron microscopy (SEM)

SEM was performed in The Central Research Laboratory
at Izmir Katip Celebi University, Turkey. After drying
the samples diluted in upH,O (5 pL) on a glass coverslip
overnight at room temperature in a desiccator, they were
coated with gold (~ 8 nm) under high vacuum using Quo-
rum Q150R ES sputter coater (Quorum Technologies,
UK). SEM imaging was carried out at 2 kV by InLens sec-
ondary electron detector using Carl ZEISS Sigma 300 VP
SEM (ZEISS Group, Germany).

Cell culture

All cell lines were obtained from American Type Cul-
ture Collection (ATCC, USA). FBS was heat-inactivated
(56 °C, 30 min) prior to use in cell culture. Prostate cancer
cell lines: PC-3 and DU145 were cultured in DMEM/F12
(#31330-038, Gibco) with 5% FBS, 1% penicillin/strep-
tomycin solution (P/S; #15140-122, Gibco); LNCaP was
cultured in RPMI-1640 (#R8758, Sigma-Aldrich) with
10% FBS, 1% P/S. All cells were cultured in a humidi-
fied atmosphere with 5% CO,. Normal prostate epithelial
cell lines RWPE-1 and PWRI1-E were cultured in K-SFM
(#17005-075, Gibco) supplemented with human recom-
binant epidermal growth factor (2.5 pg), bovine pituitary
extract (25 mg), and 1% P/S.

In vitro cellular uptake

Fluorescence microscopy

PC-3 (7 x10* cells/well) and DU145 (7.5x 10* cells/
well) cells were seeded into 24-well plates in 1 mL
media and cultured until they reached ~70% confluency
prior to treatment. Cells were transfected with 50 nM
green fluorescent dye (6-FAM)-labelled siRNA (siGLO;
#D-001630-01-05, Dharmacon) in 500 pL media. After
48 h treatment, the nuclei of cells were stained with Hoe-
scht (1 mg/mL) at 1:2000 (v/v) in a fresh antibiotic-free
medium for 1-2 h at 37 °C. Cells were then washed with
PBS and images were taken using Lionheart Fx instru-
ment (BioTek, USA).

Flow cytometry

After fluorescence microscopy imaging, cells were
trypsinized using standard cell culture techniques and
transferred into 5 mL polystyrene round-bottom tubes
(#352052, BD Falcon). After PBS-washing and centrifu-
gation (800 rpm, 3 min), the medium was removed, and
the cells were re-suspended in 250 uL PBS containing 2 %
BSA and 1 mM EDTA. A total of 10* cells were counted
for each sample and sorted based on green fluorescence
positivity using the BD FACS Canto II flow cytom-
eter (BD Biosciences, USA). The data were analyzed by
FlowJo, LLC software. The gates were determined for the
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viable cell population, viable single-cell subpopulation,
and FITC (4/—) single-cell subpopulation, respectively.
The percentage of green fluorescent cells was normalized
to untreated single-cell subpopulation.

siRNA transfection and co-treatment with JIB-04

For EphA2 silencing studies, PC-3 and DU145 cells
were seeded into 6-well plates at a density of 1.5 x 10°
cells/1.5 mL and 1.75 x 10° cells/1.75 mL, respectively.
Cells were cultured until they reached 70% confluency.
Three hours before transfection, complete medium was
replaced with fresh medium supplemented with 5% FBS.
siRNA complexes were prepared at optimal N/P ratios
immediately before treatment as described in "Gel retar-
dation (complexation) assay" section. Commercial trans-
fection reagent Dharmafect 2 (#T-2002-01, Dharmacon)
was used as a positive carrier control according to the
manufacturer’s instructions. The complexes of siEphA2
(50 nM; ON-TARGETplus SMARTpool #L-003116-00-
0020, Dharmacon) were formed with 5 pL. DDAB-cSLN
(N/P=10), 4.4 uL. DOTMA-cSLN (N/P=8) and 3 pL
Dharmafect 2. For other assays, the volumes of the carri-
ers were adjusted by fixing the concentration of siRNA to
50 nM. JIB-04 (260 nM) was dissolved in DMSO (Sigma-
Aldrich), gently mixed with antibiotic-free medium
(£ siRNA complexes), and this mixture was added into
the appropriate wells. In all experiments; untreated cells
(UT), and cells treated with DMSO, empty carriers, or
carriers with control siRNA (siControl; ON-TARGETplus
Non-targeting Control Pool #D-001810-10-05, Dharma-
con) were used as controls.

Determination of mRNA expression levels by quantitative
real-time PCR (qRT-PCR)

After 48 h treatment with siEphA2 alone and in combi-
nation with JIB-04, total RNA was extracted using the
RNeasy Mini Kit (#74104, Qiagen) according to the man-
ufacturer’s instructions including the on-column DNase
digestion step (#79254, Qiagen). cDNA was synthesized
using a high capacity ¢cDNA reverse transcription kit
(Applied Biosystems) using 1 ug total RNA. To deter-
mine EphA2 and/or KDM4A mRNA levels, qRT-PCR
was performed on the 7500 Fast Real-Time PCR system
(Applied Biosystems) using SYBR Green PCR Master
Mix (#4309155, Applied Biosystems). Data were nor-
malized to UT control by using 18S rRNA as a reference
housekeeping gene. The results were analyzed using the
comparative 2722 method. All primers were purchased
from Integrated DNA Technologies (USA). Sequences
(5'—=3") of forward (F) and reverse (R) primers were as
follows: EphA2 F: GAGTGGCTGGAGTCCATCAA,
EphA2 R: TTGAGTCCCAGCAGGCTGTA, KDM4A_F:
CCTTGCAAAGCATCACTGCA, KDM4A _R: GGA
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CCACTTCCCCTTCAGCA, 18S F: GATGGGCGG
CGGAAAATAG, 18S_R: GCGTGGATTCTGCATAAT
GGT.

Determination of protein expression levels by Western blot
PC-3 and DU145 cells were treated and harvested as per
"siRNA transfection and co-treatment with JIB-04" sec-
tion. The cell pellet was re-suspended in RIPA Buffer
(#9806, CST), incubated for 45 min on ice, and then
sonicated at 3 microns amplitude for 20 s (Soniprep 150,
SANYO). Subsequently, samples were centrifuged at
13,000g for 10 min at 4 °C and the supernatant was trans-
ferred into new tubes. Protein concentration was deter-
mined using a Pierce BCA Assay Kit (ThermoFisher).
Thirty micrograms total protein was separated using
SDS-PAGE and transferred to a PVDF membrane
(#88,518, ThermoFisher). Membranes were blocked
with 5% non-fat milk in TBS-T (Tris-Buffered-Saline
Solution containing 0.1% Tween 20) for 1 h. After over-
night incubation with primary antibody (EphA2 mouse
anti-human, sc-398832, Santa Cruz) at 1:500 dilution,
the membrane was incubated with horseradish peroxi-
dase (HRP)-conjugated anti-mouse secondary antibody
(1:12,000 dilution) for 1 h at room temperature. HRP-
conjugated P-actin (A3854, Sigma-Aldrich) at 1:240,000
dilution was used as a loading control. The signal was
developed using the enhanced chemiluminescence detec-
tion reagent SuperSignal West Pico (#34080, Thermo-
Scientific). Images were captured using the Fusion FX
(Vilber Lourmat). Densitometric analysis was performed
using Image]. Data were normalized to p-actin expres-
sion (Full scans of Western blot images are shown in
Additional file 1: Figs. S1, S2).

WST-8 (CCK-8) cell viability assay

Cell viability assay (2D)

PC-3 (1 x 10* cells) and DU145 (1.1 x 10* cells), RWPE-1
and PWR-1E (1.2 x 10* cells) were seeded into flat-bot-
tomed 96-well plates in 100 pL media per well. After
the incubation period (40 h for cancer cells and 72 h for
normal cells), cells were treated with siEphA2 (50 nM)
alone and in combination with JIB-04 (260 nM) in 100 uL
fresh antibiotic-free medium for 48 h. At the end of the
treatment period, the media was removed and a mix-
ture of 10 uL. WST-8 reagent (Dojindo) with 100 pL fresh
medium was added to each well. After 4 h incubation at
37 °C followed by agitation for 1 min, absorbance was
measured at 450 nm and with 650 nm set as a reference
wavelength (Versa max microplate reader, Molecular
Devices or EL808 microplate reader, BioTek). After sub-
tracting the absorbance of blank (only medium), the net
absorbance value (A 5;,—Ags0—Apn) Was normalized to
UT control value and graphed as percentage cell viability.
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The half-lethal concentration (LCs,) value of JIB-04 was
calculated by CompuSyn software [34].

Cell viability assay (3D)

The protocol reported by Phung et al. was modified and
used for forming spheroids of PC-3 [35]. Briefly, a non-
adherent surface was obtained by covering the surface
of a U-bottomed 96-well plate with poly(2-hydroxyethyl
methacrylate) (PolyHEMA; #P3932, Sigma-Aldrich) dis-
solved in ethanol (5 mg/mL); and evaporating the etha-
nol under a non-humidified incubator for 2 days. PC-3
cells were seeded (5 x 10 cells/well) onto the polyHEMA
coated plate and centrifuged at 1410 rpm for 10 min
immediately. PC-3 spheroids were obtained after incuba-
tion for 5 days at 37 °C. All steps were as stated for 2D
cell viability, except treatment time was extended to 96 h
instead of 48 h. After adding WST-8 reagent and incubat-
ing for 4 h, the mixture of reagent:media was transferred
to a flat-bottomed 96-well plate to measure the absorb-
ance. The images of spheroids were recorded using the
Lionheart Fx imaging system.

Wound healing assay

PC-3 cells were seeded into a 24-well plate at the density
of 1.2 x 10° cells/1 mL and cultured until 100% conflu-
ency. A single and straight scratch for each well was
formed using 200 pL pipette tips and cells were washed
with PBS twice to remove floating cells. After treatment,
the phase-contrast images of the wells were recorded by
Lionheart Fx imaging system. Images were taken from
the same area of the wells to determine the closure rate
of the scratch at 0, 24, 48, and 72 h. The scratch area
was calculated using MRI Wound Healing Tool plugin of
Image] software [36].

Clonogenic assay

PC-3 cells were treated in 6-well plates as per "siRNA
transfection and co-treatment with JIB-04" section
and the clonogenic assay was conducted as previously
described [37]. After 48 h treatment, cells were washed
with PBS and trypsinized. The cells were seeded into
new 6-well plates at a density of 2500 cells/3 mL. These
cells were incubated for 10 days with no replacement of
medium. The colonies formed after 10 days were washed
with PBS and fixed with ice-cold methanol. Fixed cells
were stained with 1 mL 0.5% crystal violet in 25% (v/v)
methanol for 20 min. After washing the wells with 4 mL
distilled water twice to remove the excess dye, the plates
were dried overnight. The colony images at 1200 dpi were
recorded by GelCount (Oxford Optronix, UK) instru-
ment. Percentage of colony intensity was calculated using
the ColonyArea plugin of Image] software [38]. Data
were normalized to UT control.



Oner et al. J Nanobiotechnol (2021) 19:71

Statistical analysis

Unless otherwise stated, data were representative of at
least three independent experiments and values were
expressed as mean=+standard error mean (SEM) or
mean + standard deviation (SD). The difference of data
between groups was analyzed by ANOVA with appro-
priate post hoc test using Graphpad Prism Software-
version 6.0 (USA). p<0.05 were considered statistically
significant.

Results and discussion

Characterization of cSLNs and their siRNA complexes

We aimed for passive targeting of nanoparticles to the
tumor cells, which meant a particle size range between
20 and 200 nm [39]. Besides particle size, narrow size
distribution (PDI <0.5) is required for developing a safe,
stable, and effective formulation [40]. Moreover, addi-
tion of cationic lipids to SLNs provides a high positive
surface charge leading to enhanced nucleic acid bind-
ing efficiency, interaction with the negatively charged
cell membrane, and colloidal stability [32]. Here, we
successfully prepared two cSLNs with different cationic
lipids by modifying the hot microemulsion method, and
their ¢SLN/siRNA complexes via electrostatic interac-
tion (Fig. 1). Both formulations had small particle size
(<200 nm) and narrow size distribution (PDI<0.4)
(Fig. 2a). To obtain positively charged nanoparticles, two-
tailed cationic lipids DDAB and DOTMA were preferred
due to decreased toxicity than their one- or three-tailed
counterparts [41, 42]. There was an approximately two-
fold increase in particle size of cSLN when cationic lipid
DDAB was substituted by DOTMA. Both cationic lipids
provided a positive surface charge of more than +30 mV
(Fig. 2a), which resulted in successful complexation with
negatively charged siRNA. As shown in Fig. 2b, no siRNA
band was detected (binding efficiency was 100 %) above
N/P ratios of 4 and 2 for DDAB-cSLN and DOTMA-
cSLN, respectively. However, smear, which can be an
indicator of loose siRNA binding, was observed at N/P
ratios of 6 and 8 for DDAB-cSLN and 6 for DOTMA-
cSLN. Therefore, the optimum N/P ratio was determined
as 10 for DDAB-cSLN and 8 for DOTMA-cSLN, and
these ratios were used in all subsequent experiments.
Although there was a decrease in zeta potential after
complexation with siRNA, both complexes preserved
their positive charge. Also, particle size and size distri-
bution were maintained in the desired range with siRNA
complexes (Fig. 2a).

Besides complexation ability, cSLNs should release
siRNA into the cytosol for effective gene silencing after
cellular internalization [33]. Thus, the release behavior
of cSLNs at optimum N/P ratios was investigated based
on the replacement of siRNAs by polyanionic heparin.
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Both cSLNs successfully released more than 85% of
their siRNA load in the presence of heparin in three
different physiological conditions (Fig. 2c). This indi-
cates that the selected N/P ratios for cSLNs are suitable
for both binding to and releasing siRNA.

Owing to their solid lipid matrix, cSLNs are advanta-
geous over other lipid-based carriers such as liposomes
and nanoemulsions in terms of storage stability [43].
We evaluated time-dependent changes in the phys-
icochemical properties of cSLNs and complexes. There
was no change in size, PDI, and zeta potential val-
ues of cSLNs/complexes after 12-weeks of storage at
room temperature (Fig. 2d, e). The formation of stable
c¢SLNs against particle agglomeration/aggregation for
12-weeks was probably due to high electrostatic repul-
sion between cationic particles [44].

Next, we performed TEM and SEM to further char-
acterize the morphology of our formulations. Both
nanoparticles displayed a spherical/oval shape (Fig. 2f,
g) and preserved their morphology even after com-
plexation with siRNA (Fig. 2g). These results indicate
the spherically-shaped nanoparticles and confirm the
results of the DLS measurements.

RNase A and serum stability of cSLN/siRNA complexes
Protecting siRNA from nucleases is one of the prereq-
uisites for an effective nucleic acid delivery system in
both in vitro and in vivo applications. Therefore, we
evaluated the siRNA-protection ability of complexes
against RNase A and serum nucleases before proceed-
ing to the transfection studies conducted with the
serum-containing media to mimic in vivo conditions.

As shown in Fig. 3a, while naked (free) siRNA was
completely degraded in the presence of RNase A, both
complexes protected siRNA from complete degrada-
tion. Moreover, degradation of naked siRNA started
earlier and it was almost completely degraded after 4 h
FBS treatment (Fig. 3b). However, siRNA was protected
from complete degradation by FBS when it was formu-
lated. These data demonstrate that both ¢SLN formula-
tions decreased the degradation of siRNA by nucleases
and support the suitability of the optimum N/P ratios
selected for cell culture studies.

In vitro cellular uptake of cSLN/siRNA complexes in DU145
and PC-3 cells

Following characterization and nuclease protection
studies, the most effective cSLN formulation for siRNA
delivery was determined by cellular uptake efficiency,
EphA?2 silencing efficiency, and cytotoxicity studies in
prostate cancer cell lines. We first measured basal EphA2
expression levels in three commonly used prostate can-
cer cell lines, LNCaP, DU145, and PC-3. In parallel with



Oner et al. J Nanobiotechnol (2021) 19:71

Page 7 of 20

N

—— Ultra-pure water

Precirol ATO 5 (1.25%)
Solid lipids
Compritol C888 ATO (1.25%)

\ Kolliphor RH 40 (1.5%)
Surfactants

& Span 80 (0.5%) N
Co-Surfactant —— Propylene glycol (2%) ‘ﬁj
A\
Cationic lipid —— DDAB or DOTMA (0.5%) \——‘ \
P o i« T
—

Step 1: Addition of water (80°C) to lipid phase (80°C) while stirring.
at room temperature.

Step 2: Cooling by stirring

Fig. 1 Overview of steps involved in the preparation of cSLNs and their complexes with siRNA. (Steps 1 and 2) Preparation of empty cSLN
formulations, which have a solid core at room temperature. (Steps 3 and 4) Addition of negatively charged siRNAs to the pre-formed cSLNs and
incubation of this mix for complex formation at the positively charged outer surface of particles via electrostatic interaction

.

A

Step 3: Addition of -
siRNA to cSLNs.

DDAB-cSLN

DDAB-cSLN/siRNA

Mian

e

|
i
SlS) =

T £ ;
4 siRNA 7?

& { Y +
U E DOTMA-cSLN/siRNA

Step 4: Incubation at \Q\
W room temperature A
S\ on a shaker. A& . §

the literature [45, 46], no EphA2 protein expression was
detected in androgen-dependent LNCaP (Additional
file 1: Fig. S1). The basal expression level of the EphA2
was moderate and high in DU145 and PC-3, respectively.
The androgen-independent character of these two cell
lines has been shown to promote the development of
advanced prostate cancer [47]. Therefore, further experi-
ments to compare the efficiency of siEphA2 complexes
were conducted in DU145 and PC-3 cell lines.

Next, we performed flow cytometry and fluorescence
microscopy analyses to determine the cellular uptake
efficiency of cSLN complexes with siGLO. The number
of green fluorescent cells detected by flow cytometry
shows the number of transfected cells and is expressed
as a percentage of cellular uptake efficiency. Moreover,
according to the fluorescence microscopy analysis, the
homogenous distribution of green fluorescence inside
the cell is attributed to the free siGLO that is success-
fully released from the carrier to the cytosol [48]. Flow
cytometry measurements and fluorescence microscopy
images showed that Dharmafect 2/siGLO increased
the number of green fluorescent cells by 63 % in PC-3
(Fig. 4a, c) and 69% in DU145 (Fig. 4b, d), and resulted
in a homogenous distribution of green fluorescence in

both transfected cells (Fig. 5). These data demonstrated
that the transfection conditions were optimum in both
cell lines.

No significant change in green fluorescence levels
after treatment of DU145 and PC-3 cells with empty
c¢SLNs indicating that there was no auto-fluorescence
effect of these ¢cSLNs (Fig. 4). In both cell lines, the
highest uptake efficiency was observed with DDAB-
¢SLN/siGLO complex as compared to other com-
plexes (Fig. 4c, d). Notably, its cellular uptake efficiency
was significantly higher than commercially available
transfection reagent Dharmafect 2 in PC-3 (Fig. 4c).
Although the percentage of green fluorescent cells
was similar in both cell lines after DDAB-cSLN/siGLO
treatment, fluorescence microscopy analysis yielded
that the distribution of green fluorescence in the cyto-
plasm was more homogenous in PC-3 cells (Fig. 5a) as
compared to DU145 cells (Fig. 5b). These data suggest
that gene silencing efficiency of DDAB-cSLN might
be lower in DU145 cells due to the limited release of
siRNA from nanoparticles into the cytosol. Moreover,
cellular uptake efficiency of DOTMA-cSLN/siGLO
complex was higher in PC-3 (Fig. 4c) than in DU145
(Fig. 4d). However, it was still significantly lower than

(See figure on next page.)

Fig. 2 Characterization of cSLNs and their complexes with siEphA2. a Physicochemical properties of cSLNs and cSLN/siRNA complexes.

b Representative image of gel retardation assay showing complexation of cSLNs with siRNAs at different N/P ratios. Naked siRNA and empty
nanoparticles (N/P =0) were used as controls. Densitometric analysis of siRNA bands relative to naked siRNA was performed to calculate the siRNA
binding efficiency of cSLNs. Data are given as the mean £ SEM (***p < 0.001, two-way ANOVA followed by Sidak’s test, n = 3). ¢ Representative
image of heparin-induced release assay showing the release of siRNAs from cSLNs in different physiological solutions at 37 °C. Densitometric
analysis of SiRNA bands relative to naked siRNA 4 Heparin was performed to calculate the siRNA-release amount of cSLNs. Data are given as the
mean = SEM (ns: not significant, **p < 0.01, two-way ANOVA followed by Sidak’s test, n=3). Time-dependent physicochemical properties of

cSLNs (d) and cSLN/siRNA complexes (e). Bars represent particle size and zeta potential; dots represent PDI. Data are given as mean = SD of three
measurements (ns: not significant, two-way ANOVA followed by Sidak’s test). Representative TEM (f) and SEM (g) images of cSLNs and cSLN/siRNA
complexes. Scale bars, 200 nm
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other siGLO complexes. Thus, the gene silencing effi-
ciency of DOTMA-cSLN is expected to be relatively
low compared to other carriers.

EphA2 silencing efficiency and cytotoxicity of cSLN/siRNA
complexes in DU145 and PC-3 cells

To select the optimum cSLN carrier for co-administra-
tion studies with JIB-04, gene silencing efficiency and
cytotoxicity of siEphA2 complexes were investigated in
PC-3 and DU145 cell lines (Fig. 6).

By qRT-PCR measurements (Fig. 6a, b), in both cell
lines, commercial transfection reagent Dharmafect 2
successfully silenced EphA2 while no significant change
was observed with empty carrier and siControl complex.
This indicates that 50 nM siRNA concentration was
appropriate for silencing studies. Both cSLN/siEphA2
complexes downregulated EphA2 mRNA expression
as compared to their empty carrier and non-targeting
siControl in PC-3. However, this decrease was only sig-
nificant with DDAB-cSLN (Fig. 6a). Conversely, none
of the c¢SLN/siEphA2 complexes significantly altered
the mRNA expression of EphA2 relative to controls in
DU145 (Fig. 6b). Surprisingly, the administration of
empty cSLNs downregulated EphA2 mRNA levels in
PC-3, but not in DU145, by an unknown mechanism.

We also verified the EphA2 silencing efficiency by
Western blot. The reduction in EphA2 mRNA was
accompanied by decreased EphA2 protein expression fol-
lowing 48 h transfection with cSLN/siEphA2 complexes
in PC-3 cells (Fig. 6¢). However, the change in DU145
was not as robust as in PC-3 (Fig. 6d). In both cell lines,

Dharmafect 2/siEphA2 complex successfully inhib-
ited the EphA2 protein (Fig. 6¢, d). Since DDAB-cSLN
showed similar silencing efficacy to commercial transfec-
tion reagent Dharmafect 2 in PC-3, it can be a promising
siRNA carrier system for targeting other genes.

Lastly, we investigated the cytotoxicity of carriers and
their siRNA complexes applied at the concentrations that
gene silencing experiments were performed (Fig. 6e, f).
While Dharmafect 2 showed no cytotoxic effect, empty
cSLNs exhibited modest cytotoxicity on the viability of
PC-3 and DU145 cells, which is acceptable for transfec-
tion reagents [49]. No significant change was observed
in the cytotoxicity of siControl complexes compared to
corresponding empty carriers indicating that there was
no off-target effect of siRNA on the viability of PC-3 and
DU145. Silencing EphA2 showed no significant effect on
the viability in both cell lines as compared to siControl
treatments.

Although stability against nucleases and toxicity were
similar for both ¢SLNs, we performed the subsequent
experiments with the optimum c¢SLN, DDAB-cSLN,
which showed higher cellular uptake and remarkable
EphA2 silencing at both mRNA and protein levels in
PC-3. Smaller size of DDAB-cSLN might be responsible
for this increased efficiency when compared to DOTMA-
cSLN. However, the well-characterized DOTMA-cSLN
may be useful for transfecting other cell lines because the
cellular uptake and gene silencing efficiencies of transfec-
tion reagents can differ depending on the cell types [50].
To our knowledge, this is the first time ¢SLN carriers
have been developed to deliver siRNA targeting EphA2.
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Fig. 4 Cellular uptake efficiency of siGLO complexes in PC-3 and DU145 prostate cancer cells (48 h). a, b Representative flow cytometry scatter
plots. Color map corresponds to the area of cell density from low (blue) to high (red). ¢, d Bar plots. The results are given as the mean = SEM.
Asterisks indicate statistical significance (*p < 0.05, ***p <0.001, two-way ANOVA followed by Tukey’s test, n =4)

The cytotoxic effect of siEphA2 complexes co-administered
with JIB-04 in PC-3 cells

Before proceeding to co-administration studies, the 48 h
LCy, value of JIB-04 was calculated as 260 nM [correla-
tion coefficient (r)=0.9575] in PC-3 cells (Fig. 7a). The
cytotoxicity of siEphA2 co-administered with JIB-04 was
evaluated both in 2D and 3D cell cultures of PC-3 cell
line (Fig. 7b, c). Using the 2D cell viability assay (Fig. 7b),
JIB-04 decreased the cell viability by 49%, which was con-
sistent with its calculated LCy, value. Next, cytotoxicity
of these candidate drugs was also investigated in normal

prostate epithelial cell lines RWPE-1 and PWR-1E. JIB-
04 did not show any toxicity to normal prostate epithelial
cells (Additional file 1: Fig. S3). These findings corre-
spond to similar results in a study performed by Wang
et al. [23]. When applied under 1 pM concentrations for
96 h, JIB-04 was cytotoxic to prostate cancer cells, how-
ever, it was not cytotoxic to normal prostate cells (except
SV40 transformed cell line) [23]. When the vehicle con-
trol DDAB-cSLN +DMSO was administered to normal
prostate epithelial cells, the cell viability was determined
as 107% in RWPE-1 (Additional file 1: Fig. S3A) and
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Fig. 5 Representative fluorescence microscopy images showing cellular uptake of siGLO complexes (48 h). PC-3 (a) and DU145 (b) prostate cancer
cells were transfected with siGLO complexes (green) and stained with Hoechst dye (blue). Scale bar, 200 um

84% in PWR-1E (Additional file 1: Fig. S3B), whereas it
was 77 % in PC-3 (Fig. 7b). Since higher cytotoxicity was
observed in cancer cells than in normal cells, both JIB-
04 and DDAB-cSLN formulation can be advantageous as
an anticancer drug and an siRNA carrier system, respec-
tively, for prostate cancer therapy.

In monolayer (2D) PC-3 and DU145 prostate cancer
cells (Figs. 6e, f, 7b), there was no statistically signifi-
cant difference in cell viability between siControl and
siEphA2 complexes of both carriers. The effect of EphA2
downregulation on cell viability differs depending on
the tumor type/subtype. Similar to our results, silencing
EphA2 with short hairpin RNA (shRNA) did not cause
a significant change in cell viability in salivary adenoid
cystic carcinoma (SACC) [51]. On the contrary, cell via-
bility was significantly decreased after siEphA2 treatment
in gastric cancer [52], glioma [53], and malignant meso-
thelioma [54]. Interestingly, silencing siEphA2 decreased
the viability of non-metastatic type of renal cell carci-
noma (RCC) cells, but this effect was not observed with
its metastatic type [55].

When siEphA2 complexes were co-administered with
JIB-04 in 2D model of PC-3 cells, no significant change in
cell viability was observed compared to siControl + JIB-
04 treatments (Fig. 7b). This indicates that the effect of
JIB-04 on the viability of PC-3 cells was not altered by
silencing EphA2. However, cytotoxicity of JIB-04 was
increased when combined with siControl or siEphA2
complex of DDAB-cSLN. This effect was probably due to
the cytotoxicity of DDAB-cSLN in PC-3.

Tumor spheroids have attracted tremendous atten-
tion as they represent a bridge between in vitro and
in vivo toxicity studies [56]. In this study, we also con-
ducted a cytotoxicity assay with PC-3 tumor spheroids
cultured three-dimensionally using the non-adherent
surface method with polyHEMA. The results of 3D cell
viability assay are shown in Fig. 7c, and the phase-con-
trast microscopy images of PC-3 spheroids 48, 72, and
96 h after treatments were provided in Additional file 1:
Fig. S4. Cytotoxicity results obtained in 3D tumor sphe-
roids were mostly comparable to those observed in 2D
monolayer cells. Although JIB-04 was applied at its LCy,
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value determined in 2D culture, the viability of PC-3
cells cultured as spheroids was decreased by 18%. Even
if this decrease was not statistically significant as in 2D
cell viability assay, given that 3D spheroid formation is
more physiologically relevant than 2D culture, this might
be promising for further studies. As observed with mon-
olayer PC-3 cells, there was no statistically significant dif-
ference in cell viability between siControl and siEphA2

Page 13 of 20

complexes of both carriers. Therefore, the consistent
decrease in cell viability by co-administration of siEphA2
complexes with JIB-04 compared to administration of siE-
phA2 complexes alone is attributed to the effect of JIB-04
and DDAB-cSLN carrier. Besides, DDAB-cSLN +DMSO
control was almost non-toxic in 3D culture (the cell via-
bility was 95 %). This result suggests that the DDAB-cSLN
formulation may be biocompatible in vivo.
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Fig. 8 Effect of siEphA2 complexes co-administered with JIB-04 on the migration ability of PC-3 cells. a Representative phase-contrast images of
PC-3 cells showing the changes in the scratch area in response to treatments. MRI Wound Healing Tool plugin of ImageJ was used to automatically
determine the scratch area. See Additional file 1: Fig. S4 for scratch images at all time points. Scale bar: 1000 um. b Bar plots showing the scratch
area calculated at 0, 24, 48, and 72 h. Data are shown as mean = SEM. Asterisks represent statistical significance (UT: Untreated control, ns: not
significant, *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001, two-way ANOVA followed by Dunnett’s test; n =3)

The effect of siEphA2 complexes co-administered

with JIB-04 on migration

Migratory activity is essential for tumor cells to develop
metastasis, which causes the spread of the cells from
primary tumor to distant parts of the body and the for-
mation of secondary tumors [57]. Thus, we performed a

wound healing assay to evaluate the inhibitory effect of
siEphA2 complexes and JIB-04 on the migration of PC-3
cells. Scratches were captured at different time points (0,
24, 48, and 72 h), and scratch areas were compared rela-
tive to O h (Fig. 8 and Additional file 1: Fig. S5).
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As shown in Fig. 8b, scratches were almost closed after
24 hin UT and DMSO controls. Treatment with Dharma-
fect 2/siEphA2 complex did not alter the cells’ migration
ability. However, the closure of scratch wounds occurred
at 48 h with DDAB-cSLN/siEphA2 complex. Therefore,
this delay might be due to the DDAB-cSLN carrier, not to
the EphA2 downregulation. This is also supported by the
finding that the scratch was not completely closed after
treatment with DDAB-cSLN +DMSO control for 72 h.
Even if DDAB-cSLN +DMSO control was less cytotoxic
than JIB-04 in PC-3 cells (Fig. 7b), DDAB-cSLN formu-
lation led to a greater delay in the migratory activity of
PC-3 cells than JIB-04 alone (Fig. 8). Thus, this unex-
pected migration inhibitory effect of DDAB-cSLN for-
mulation might be independent of its toxicity in PC-3
cells. It may be that the constituents of the DDAB-cSLN
formulation inhibited the migration ability of PC-3 cells.
Similar anticancer effects have already been observed
with different excipients in the literature. As demon-
strated by Yang et al., D-a-tocopheryl polyethylene gly-
col succinate (Vitamin E TPGS), which is safely used as
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an adjuvant in drug formulations, shows a selective anti-
cancer effect by inhibiting multidrug resistance in tumor
cells [58]. However, all excipients in DDAB-cSLN formu-
lation should be tested individually and in combinations
to investigate this hypothesis, which is outside the scope
of this study.

JIB-04 treatment resulted in a slight delay in the clo-
sure time in PC-3 cells as compared to UT and DMSO
controls after 72 h, probably due to its cytotoxic effect.
Similarly, Kim et al. demonstrated that JIB-04 decreased
the migration and invasion potential of colorectal cancer
cells in vitro [27]. When JIB-04 was co-administered with
DDAB-cSLN/siRNA complexes, the migratory activity of
PC-3 cells was lower relative to JIB-04 treatment alone.
Again, we attributed this to the migration inhibitory
effect of DDAB-cSLN formulation. Moreover, the scratch
closed faster with siEphA2 as compared to siControl
when complexes of both carriers were co-administered
with JIB-04, but this change was not statistically signifi-
cant. This indicates that silencing EphA2 did not alter
the inhibitory effect of JIB-04 on migration ability of
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Fig. 9 Effect of siEphA2 complexes co-administered with JIB-04 on colony formation ability of PC-3 cells. Representative images (a) and bar plots
(b) of PC-3 colonies after 10 days of incubation. Image processing (thresholding and background subtraction) was done using ImageJ. Colony Area
plugin of ImageJ was used to automatically quantify the intensity of colonies. The results are given as the mean & SEM. Asterisks represent statistical
significance (UT: Untreated control, ns: not significant, *p <0.05, **p <0.01, one-way ANOVA followed by Tukey’s test, n=3)
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PC-3 cells in vitro. There are contradictory results in the
literature related to in vitro migration potential of PC-3
cells following downregulation of EphA2. Similar to our
results, Taddei et al. did not observe any alterations in
the migration potential of PC-3 cells when they silenced
EphA2 by shRNA [59]. However, Wang et al. determined
a significant decrease in the migration ability of PC-3
cells by using siEphA2 [46]. Although the same cell line
was used, these discrepancies may be due to differences
in techniques and protocols used in silencing EphA2.

The effect of siEphA2 complexes co-administered

with JIB-04 on colony formation

Clonogenic assay is based on testing a single cell for its
ability to grow into a colony on a solid surface [37]. This
in vitro cell survival analysis was performed to investigate
the colony formation ability of PC-3 cells after treatment
with siEphA2 and JIB-04. Representative images of the
colonies and the graph for percentage colony intensity
are shown in Fig. 9. According to these results, colony
intensity was significantly decreased by JIB-04 treatment
compared to DMSO control (Fig. 9b). This inhibitory
effect of JIB-04 on colony formation potential has been
reported in other cancer types such as glioblastoma [21,
26], lung [25], and Ewing sarcoma [31].
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Moreover, due to the inhibitory effect of JIB-04
on colony formation, siEphA2-+]JIB-04 treatment
decreased the colony intensity of PC-3 cells as com-
pared to siEphA2 treatment. However, this decrease
was only statistically significant when DDAB-cSLN was
used as a carrier. Since colony intensity decreased by
34% with only DDAB-cSLN +DMSO treatment, this
decrease might result from the possible cytotoxicity of
the formulation in PC-3 cells.

Furthermore, silencing EphA2 caused a tendency to
increase colony intensity with both carriers (p>0.05).
Thus, we considered that silencing EphA2 with siRNA
did not alter the colony formation ability of PC-3 cells.
To our knowledge, this is the first study showing the
effect of siEphA2 alone and in combination with JIB-
04 on colony formation ability of prostate cancer cells
in vitro. In other cancer types such as breast [60], mel-
anoma [61], and Ewing sarcoma [62], the clonogenic
growth of cancer cells was suppressed after EphA2
downregulation with siRNA or shRNA. As compared to
our results obtained in PC-3 cells, this difference may
be due to stable knockdown with shRNA rather than
transient silencing with siRNA, and tumor type [63].
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The effect of siEphA2 complexes co-administered

with JIB-04 on EphA2 and KDM4A expression

We determined the changes in mRNA expression levels
of EphA2 and KDM4A in PC-3 cells after co-treatment
of siEphA2 complexes with JIB-04. Among the known
targets of JIB-04, KDM4A (also known as JMJD2A) was
selected due to its link with prostate cancer develop-
ment and progression. Kim et al. demonstrated that
KDMA4A is highly expressed in the metastatic sites of
prostate tumors and this overexpression may initiate
the development of prostate cancer in mice [64]. More-
over, KDM4A increases the androgen receptor signal-
ing by direct binding [65]. As shown in Fig. 10a, the
mRNA expression level of KDM4A was significantly
decreased by 49% after JIB-04 treatment. However,
co-treatment with siEphA2 did not cause a signifi-
cant change in JIB-04’s inhibitory effect on KDM4A
mRNA levels with both carriers (siControl + JIB-04 vs.
siEphA2 4-JIB-04).

On the other hand, JIB-04 significantly downregu-
lated EphA2 mRNA expression compared to control,
and it also increased the silencing efficiency of siEphA2
complexes (Fig. 10b). To our knowledge, this is the first
study showing the EphA2 silencing effect of JIB-04,
and we suggest that JIB-04 may be a good candidate
to combine with the drugs targeting EphA2 to lower
the required dose of this drug. However, since silenc-
ing EphA2 did not cause any significant change in cell
viability, migration, and colony formation abilities of
PC-3, further co-administration studies in siEphA2-
responsive cancer cells are needed to better investigate
the outcomes of silencing EphA2 with JIB-04.

Despite ongoing clinical efforts to develop an effec-
tive delivery system targeting EphA2 including prostate
cancer, the basic molecular mechanism of Eph signaling
is still poorly understood [12]. Thus, there is an urgent
need to examine EphA?2 response in a well-characterized
and highly reproducible in vitro models. In this study, we
successfully silenced EphA2 using our siRNA delivery
system. The results were comparable with Dharmafect
2 as a commercial control. However, we did not observe
any change in cellular functions including the viabil-
ity, migration ability, and clonogenic potential of PC-3
cells after EphA2 silencing. In parallel, it appears that
the function of EphA2 shows paradoxical results highly
depending on the context [66]. Wang et al. demonstrated
that EphA2 may act as a tumor suppressor in SACC after
showing that stably silencing EphA2 increased tumor
growth, migratory and metastatic potentials both in vitro
and in vivo [51]. Although EphA2 is overexpressed in the
skin tumors of both humans and mice, EphA2 knock-
out in mice increases vulnerability to skin cancer as well
as progression to the malignant stage [67]. In contrast,

Page 17 of 20

Chen et al. demonstrated that overexpression of EphA2
led to an increase in cell viability and invasion in LNCaP
prostate cancer cell line stably expressing EphA2. Also,
enhanced levels of EphA2 were associated with prostate-
specific antigen (PSA) and Gleason score (both are diag-
nostic/prognostic markers of prostate cancer), lymph
node metastasis, and advanced stage of prostate cancer
[68]. Furthermore, clinical drug candidate EPHARNA
decreased tumor growth by 35-50% after 3-weeks treat-
ment in orthotopic mice models of ovarian cancer [69]
and is well-tolerated in mammalian models of mice and
Rhesus monkeys [12]. In a study by Duxbury et al., there
was no change in cell viability of Capan2 pancreatic
adenocarcinoma cells when EphA2 was overexpressed
by transient transfection. However, high levels of EphA2
increased Capan2 cells’ invasion potential and resistance
to anoikis [70]. Taddei et al. showed that stable EphA2
silencing by shRNA did not affect migration, resistance
to anoikis, and adhesion to fibroblast surface in PC-3
cell line. However, anchorage-independent growth was
decreased in EphA2-silenced PC-3 by a soft agar col-
ony formation assay. Also, silencing EphA2 reduced the
development of bone metastasis in mice [59]. Besides,
Miao et al. showed that the migration and invasion abil-
ity of PC-3 and glioma cells differed, depending on ligand
activation of EphA2 receptor. In their study, EphA2
receptor showed a ligand-dependent tumor suppressor
effect by phosphorylating at tyrosine when stimulated via
ephrin Al ligand, while it showed a ligand-independent
oncogenic effect when phosphorylated at serine (S897)
by Akt [71]. Taken together, in parallel with the literature,
our results suggest that tumors would require compre-
hensive molecular profiling and stratification for effective
use of EphA2 signaling as a therapeutic target.

Conclusions

In summary, we successfully developed a novel DDAB-
c¢SLN/siRNA complex targeting EphA2, which (i) has
small particle size and size distribution, (ii) is biocompat-
ible with normal prostate epithelial cell lines, (iii) protects
siRNA against nucleases, (iv) shows high cellular uptake,
(v) provides gene silencing as effective as the commercial
transfection agent Dharmafect-2 in prostate cancer cell
models in vitro. Besides, detailed preliminary results of
histone lysine demethylase inhibitor JIB-04, alone and in
combination with siEphA2-loaded nanoparticles, in pros-
tate cancer cells and tumor spheroids were obtained for
the first time. Our siRNA delivery system has a potential
use in in vitro and in vivo studies targeting other genes
and cancer types.
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DOTMA; EphA2: Eph receptor A2; EPR: Enhanced permeability and retention;
JIB-04: 5-chloro-N-[(E)-[phenyl(pyridin-2-yl)methylidenelamino]pyridin-
2-amine; KDM: Histone lysine demethylase; KRH40: Kolliphor (Cremophor)

RH 40; LCs,: Median lethal concentration which causes the death of 50% of a
tested population; N/P ratio: The molar ratio of positively-charged nitrogen
(N) groups of cationic lipid to negatively-charged phosphate (P) groups

of nucleic acid; PDI: Polydispersity index; PG: Propylene glycol; PolyHEMA:
Poly(2-hydroxyethyl methacrylate); gRT-PCR: Quantitative real-time PCR; RNAI:
RNA interference; RTK: Receptor tyrosine kinase; shRNA: Short hairpin RNA;
siControl: Negative control siRNA designed to have no known mRNA targets
in the cells; siEphA2: siRNA targeting EphA2 mRNA; siGLO: Green fluorescent
dye (6-FAM)-labelled siRNA; siRNA: Small interfering RNA; SS: Stop solution for
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