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Ovarian cancer has shown little improvement in survival
among advanced-stage patients over the past decade. Current
treatment strategies have been largely unsuccessful in treating
advanced disease, with many patients experiencing systemic
toxicity and drug-resistant metastatic cancer. This study eval-
uates novel fusogenic peptide carriers delivering short inter-
fering RNA (siRNA) targeting casein kinase II, CSNK2A1,
for reducing the aggressiveness of ovarian cancer. The peptides
were designed to address two significant barriers to siRNA de-
livery: insufficient cellular uptake and endosomal entrapment.
The three peptide variants developed, DIVA3, DIV3H, and
DIV3W, were able to form monodisperse nanoparticle com-
plexes with siRNA and protect siRNAs from serum and RNase
degradation. Furthermore, DIV3W demonstrated optimal de-
livery of bioactive siRNAs into ovarian cancer cells with high
cellular uptake efficiency and mediated up to 94% knockdown
of CSNK2A1 mRNA compared with non-targeting siRNAs, re-
sulting in decreased cell migration and recolonization in vitro.
Intratumoral delivery of DIV3W-siCSNK2A1 complexes to
subcutaneous ovarian tumors resulted in reduced CSNK2A1
mRNA and CK2a protein expression after 48 h and reduced
tumor growth and migration in a 2-week multi-dosing
regimen. These results demonstrate the potential of the
DIV3W peptide to deliver bioactive siRNAs and confirms the
role of CSNK2AL1 in cell-cell communication and proliferation
in ovarian cancer.

INTRODUCTION

Epithelial ovarian cancer is the seventh most commonly diagnosed
cancer among women in the United States and has the highest
mortality among all gynecological cancers.' Ovarian cancer is often
diagnosed in late stages with a low response to therapeutic inter-
ventions, and, in the past 10 vyears, the survival rate for
advanced-stage patients has only increased by 1%.>’ Because
over 90% of ovarian cancers are derived from epithelial cells, tu-
mors are prone to rapid proliferation and spreading, causing
both local and distant metastases within ascites fluid.* Approxi-
mately 80% of patients experience recurrence, multidrug resistance,
or distant metastasis when treated for advanced-stage disease.” To
improve patient outcomes, there is a need for more effective
ovarian cancer treatment strategies delivered via robust, biocom-
patible, and reliable mechanisms.

aaaaaaa

Gene therapy through RNA interference (RNAi) has been extensively
studied as a potential therapeutic intervention in many cancer types
since its discovery in 1998.°Y Short hairpin RNA (shRNA) or short
interfering RNA (siRNA) can be used as RNAI tools to degrade target
messenger RNA strands.'’ RNAi technology has significant implica-
tions in cancer treatment through the silencing of proteins respon-
sible for cancer cell survival, migration, invasion, regrowth, and devel-
opment of multidrug resistance.'’ Although RNAi-based therapy is
highly specific and has been shown to be advantageous in drug-resis-
tant cancers, siRNA delivery can be difficult to achieve without a
nanocarrier due to its size, negative charge, and rapid degradation

within the endosome.'*™"’

Peptide-based systems have great promise for applications in RNAi
therapy due to their ability to complex with and efficiently deliver
siRNAs for sequence-specific mRNA degradation in cancer. Peptide
carriers may provide a method of eluding barriers to siRNA delivery,
including rapid RNase-induced degradation, inefficient cell uptake,
and lack of endosomal escape.”'® *” More specifically, fusogenic pep-
tide sequences have been shown to efficiently complex siRNAs
through electrostatic interactions, mediate cellular uptake via endocy-
tosis, and cause endosomal escape via membrane disruption.®*' **
Due to their amphipathic nature, fusogenic peptides are able to
interact with the cell membrane via hydrophobic amino acid residue
affinity for the lipid bilayer membrane, inducing endocytosis. When
encapsulated in the endosome, fusogenic peptides undergo a pH-
dependent conformational change, primarily forming an o-helical
structure, though some [ sheet formation has been recorded and re-
ported to have similar fusion with the endosomal membrane.'”** The
newly conformed peptide structure can then insert itself into the en-
dosomal membrane via the projection of hydrophobic amino acid
residues, resulting in membrane structure destabilization and break-
down, allowing for the internalized cargo to dissociate from the fuso-
genic peptide delivery system and escape into the cytosol (Figure 1)."”
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Figure 1. Fusogenic nanoparticle delivery and endosomal membrane fusion
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Fusogenic peptides may address two primary barriers to sSiRNA therapeutic delivery in cancer through encouraging endocytosis and facilitating endosomal escape via pH-
dependent protonation, conformational shift of the peptide, and insertion into the endosomal membrane. Upon membrane puncture, therapeutic cargo can dissociate from
the peptide and escape into the cytosol for RNA-induced silencing complex formation and mRNA degradation.

We have developed a set of rationally designed fusogenic peptides
for complexation with siRNAs to be delivered into genetically rele-
vant epithelial ovarian cancer cell lines, OVCAR3 and CAOV3.%°
Each peptide was designed to maintain amphipathic properties
and include a sequence of D-arginine residues responsible for
siRNA complexation. In this study, we have demonstrated the abil-
ity of three fusogenic peptides to electrostatically bind with siRNAs,
protect siRNA cargo from serum degradation, and encourage endo-
somal escape and delivery of bioactive siRNAs. Specifically, we
examined the potential of CSNK2A1I as a gene target in ovarian can-
cer via delivery of the novel fusogenic peptides complexed with
siRNAs. CSNK2A1 is an oncogene found overexpressed in several
cancer types, including ovarian cancer, and is responsible for
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increased growth and cell survivability in the presence of chemo-
therapeutic agents.””** The protein encoded by CSNK241, CK2a,
plays a major role in cell cycle regulation, cell-cell communication,
DNA repair activation, and apoptosis in response to external stimuli
in lung adenocarcinoma, urothelial carcinoma, and pancreatic
adenocarcinoma.’””" Roles in ovarian cancer, however, have only
been suggested through observation of upregulation of CK2a and
combination treatment with chemotherapeutics, including dasati-
nib, cisplatin, and gemcitabine.’”> RNAi-based therapies alone
that target CSNK2AI1 have not been comprehensively studied;
thus, this work assesses the therapeutic efficacy of siCSNK2A1
monotherapy in ovarian cancer delivered using novel fusogenic
peptides.
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Our results show that knockdown of CK2a. protein using the DIV3W
peptide complexed with siRNA targeting CSNK2AI decreased cell
migration and invasion in ovarian cancer in vitro and in vivo. The
DIV3W peptide encouraged high cellular uptake efficiency and sig-
nificant gene and protein silencing, but cytotoxic effects from target-
ing CSNK2A1 were not observed. Despite this, the reduction in cell
migration and colonization demonstrates the therapeutic potential
of CSNK2A1 as a gene target to reduce ovarian cancer aggressiveness.
Our in vivo data demonstrate that, when complexed to DIV3W,
siRNA was localized to xenograft ovarian tumors, which resulted in
reduced CSNK2A1 mRNA expression and CK2a protein levels after
single-dose and multi-dosing treatment. Additionally, intratumoral
administration of DIV3W-siCSNK2A1 into subcutaneous (SQ)
ovarian tumors led to tumor growth inhibition and reduced tumor
volumes. These data demonstrate the potential of the DIV3W peptide
as a delivery system for RNAi-based therapy.

RESULTS

Characterization of DIVA3, DIV3H, and DIV3W peptides

Peptides were systematically designed based on the prominent fu-
sogenic peptide, GALA, a synthetic peptide derived from the viral
fusion sequence of the HA2 protein found in the influenza vi-
rus.”>** Each amino acid was selected to formulate an amphipathic
sequence repeat, consisting of hydrophilic and hydrophobic resi-
dues. The N terminus includes a nona-D-arginine sequence to
enable electrostatic complexion with siRNAs, which is separated
from the amphipathic, fusogenic sequence at the C terminus by a
glycine linker. The three peptides, DIVA3, DIV3H, and DIV3W,
were designed to follow these formulations, with an additional his-
tidine residue and tryptophan residue present in DIV3H and
DIV3W, respectively.

Agarose gel electrophoresis was used to determine the ability of
DIVA3, DIV3H, and DIV3W (all three denoted as DIV3(X)) peptides
to completely complex free siRNAs and protect siRNAs from degra-
dation. The DIVA3 peptide was able to completely complex free
siRNAs at the lowest molar ratio of positively charged amine content
in the peptide to negatively charged phosphate content in the siRNA
(N:P), at 20:1. In contrast, a minimum molar ratio of 40:1 was
required for complete complexation of DIV3H and DIV3W with
siRNAs (Figure 2A). To mimic physiological conditions and examine
the ability of the peptides to protect siRNAs from degradation,
DIV3(X) peptides were complexed with non-targeting siRNA
(siNT) at several N:P ratios and exposed to 50% serum (Figure 2B)
or RNase A (Figure 2C) for 1 h followed by agarose gel electropho-
resis. White bands indicate intact siRNA and can be observed for
DIV3W-siRNA complexes subjected to 50% serum at all N:P molar
ratios. Reduction of intact siRNA signal was detected for DIVA3
and DIV3H complexes at 40:1 to 80:1 ratios incubated with 50%
serum (Figure 2B) and at 20:1 and 80:1 molar ratios of the DIVA3
complexes when incubated with RNase A (Figure 2C). Minimal
degradation, specifically in the DIV3W formulations after incubation
in RNase A, indicates that the peptides protected siRNA from degra-
dation (Figure 2C).

Peptide molar ratios 0f40:1, 60:1, and 80:1 were selected for subsequent
experiments following confirmation of full siRNA complexation at
each of these ratios for all three peptide variants. Each peptide/siRNA
complex was characterized by dynamic light scattering to determine
the nanoparticle size distribution and surface charge to ensure stability
(Figures 2D and 2E). All DIV3(X)-siRNA complexes formed positively
charged, monodisperse nanoparticles that were within the appropriate
size range advantageous for passive targeting through the enhanced
permeability and retention effect.”” DIV3W-siRNA and DIV3H-
siRNA complexes were the largest, with a hydrodynamic diameter of
100.38 + 3.59 nm and 98.66 + 3.62 nm, respectively, while DIVA3
formed complexes sized 85.07 + 3.15 nm (Figures 2D and 2E). Trans-
mission electron microscopy (TEM) of DIV3W-siRNA complexes
(Figure 2F) confirmed the formation of spherical nanoparticles.

DIV3(X) peptides exhibit biocompatibility with ovarian cancer
cells

To evaluate the effect of the peptides on cell viability, OVCAR3 and
CAOV3 cells were treated with DIV3(X) peptides alone at concentra-
tions equivalent to 40:1, 60:1, and 80:1 molar ratios for each formula-
tion. After a 48-h treatment, none of the peptide formulations
demonstrated any significant cytotoxicity compared with untreated
cells (Figure 3). To examine biocompatibility with healthy cells,
DIV3W was treated for 48 h on MCF10a breast epithelial cells where
no cytotoxic effects were observed (Figure S1). These results confirm
the biocompatibility of the DIV3(X) peptides and their potential for
in vivo evaluation.

DIV3(X) peptides enable siRNA uptake into ovarian cancer cells
via endocytosis

A major barrier to siRNA delivery is inefficient cellular uptake. Through
fluorescence microscopy and flow cytometry, we examined the ability
of the DIV3(X) peptides to deliver fluorescently labeled siRNAs into
ovarian cancer cells. Fluorescence microscopy revealed that uptake of
DY547 fluorescently labeled non-targeting siRNA (siNT-DY547) into
OVCAR3 and CAOV3 cells increased with increasing N:P ratios across
each peptide variant. Furthermore, siNT-DY547 uptake into ovarian
cancer cells also increased with the use of DIV3W compared with
DIVA3 and DIV3H (Figures 4A and S2A). Qualitative observations
of siRNA uptake were confirmed with flow cytometry, which also
demonstrated increasing uptake efficiency with increasing N:P ratios
(Figures 4B and S2B). N:P molar ratio-dependent increases in siRNA
uptake were apparent for all formulations, except DIV3W, which dis-
played high levels of uptake across all N:P ratios in OVCAR3 cells (Fig-
ure 4C). DIV3W uptake efficiency was 70.0%, 69.7%, and 66.6% for
40:1, 60:1, and 80:1 molar ratios, respectively. DIV3H and DIV A3 pep-
tides exhibited optimum cell uptake at an 80:1 ratio, at 52.1% and 63.6%
efficiency, respectively (Figure 4C). In CAOV3 cells, no statistically sig-
nificant results were found between peptide variants, but uptake did in-
crease with higher N:P ratios (Figure S2C).

Another significant barrier to the delivery of endocytosed nanocar-

riers is endosomal entrapment, resulting in lysosomal trafficking
and degradation of nanocarriers, inhibiting the bioactivity of the
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Figure 2. Fusogenic peptide characterization

Peptides were electrostatically complexed with siRNAs at increasing N:P ratios and subjected to agarose gel electrophoresis (A) Peptide-siRNA complexes were incubated in
50% fetal bovine serum (FBS) (B) or RNase A (C) for 1 h, dissociated using SDS, and subjected to agarose gel electrophoresis. Size distribution (D), polydispersity index (PDI),
and surface ¢-potential (E) were determined by dynamic light scattering and Doppler voltage velocities for each DIV3(X) peptide/siRNA complex at a 60:1 ratio. Data are
mean + SD performed in triplicate. TEM confirmed the size and morphology of DIV3W-siRNA complexes at a 60:1 ratio (F) Scale bar: 200 nm.

delivered siRNAs. The primary functional characteristic of the
DIV3(X) fusogenic peptides is their ability to overcome this barrier
by mediating endosomal escape through fusion of exposed hydropho-
bic amino acids with the endosomal membrane following protonation
of anionic residues. Each DIV3(X) peptide was complexed with siNT-
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DY547 at a 60:1 molar ratio and incubated with OVCAR3 or CAOV3
cells for 4 h (Figure 5A) and 8 h (Figure 5B) prior to staining for early
endosome antigen-1 (EEA1). Endosomal accumulation of siRNA in-
dicates intracellular localization of the delivered complexes and was
observed for all peptide complexes after 4 h. However, colocalized
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Cell viability after 48-h treatment with each peptide formulation using OVCARS (A) and CAOV3 (B) cells. Data are mean + SEM of three independent experiments performed in

triplicate and analyzed via one-way ANOVA. ns, not significant.

signal of siNT-DY547 and EEA1 stain decreased after allowing the
complexes to incubate for 8 h before imaging, suggesting successful
release of siRNA cargo from the endosome into the cytosol.

DIV3W-siCSNK2A1 complexes silence CSNK2A1 mRNA and
CK2q protein expression in ovarian cancer cells

Confirmation of endosomal escape of siRNAs mediated by the
DIV3(X) peptides was further confirmed through evaluation of
siRNA bioactivity via gene silencing. Higher levels of gene silencing
are associated with higher levels of cellular uptake, endosomal escape,
and release of bioactive siRNAs. Gene silencing efficiency was deter-
mined by analyzing CSNK2A1 mRNA and CK2a protein levels in
ovarian cancer cells treated with DIV3(X) peptides complexed with
siNT or siCSNK2A1 for 48 h. DIVA3 (Figure 6A) and DIV3H (Fig-
ure 6B) complexes mediated statistically significant reduction of
CSNK2A1 mRNA expression in OVCARS3 cells, but only at a 60:1 ra-
tio in DIVA3 complexes and an 80:1 ratio in DIV3H complexes, at
47% and 72% silencing efficacy (Figures 6E and 6F). DIV3W-
siCSNK2A1 complexes significantly reduced CSNK2AI mRNA
expression in OVCAR3 cells compared with DIV3W-siNT by 95%
and 65% at 60:1 and 80:1 molar ratios, respectively (Figure 6C). Sig-
nificant reduction of CSNK2A1 mRNA expression was also observed
in CAOV3 cells when treated with DIV3W complexes at all N:P
molar ratios, with a maximum of 80% knockdown using an 80:1
N:P ratio (Figure S3A). Due to their reduced silencing efficiency
compared with DIV3W, DIVA3 and DIV3H were not included for
protein analysis or CAOV3 qPCR studies. Western blot analysis re-
vealed that expression of CK2a. protein was silenced in OVCAR3 cells
across all N:P ratios (Figure 6D) and CAOV3 cells at 40:1 and 80:1
ratios (Figure S3B) after treatment with DIV3W-siCSNK2A1 com-
plexes compared with DIV3W-siNT. The significant CSNK2A1
mRNA and CK2a protein knockdown mediated by DIV3W warrants
the selection of this peptide for subsequent anticancer studies.

DIV3W peptide-mediated silencing of CSNK2A1 inhibits ovarian
cancer cell migration and colonization

Analyzing the anticancer effect of silencing CSNK2AI mRNA and
CK2a protein can provide support for utilizing CSNK2A 1 as a prospec-

tive therapeutic gene target for the treatment of ovarian cancer. Initial
evaluation of the effect of CSNK2A 1 knockdown on ovarian cancer cell
viability using an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay did not pro-
duce statistically significant results (Figure S3A). To evaluate the effect
of silencing CSNK2A1 on cell migration, a scratch wound assay was
conducted by first treating OVCAR3 cells with DIV3W-siNT or
DIV3W-siCSNK2A1 complexes for 48 h. Following treatment, a verti-
cal and horizontal scratch wound was introduced on the cell monolayer
in each treatment group. Consistent with our uptake and knockdown
studies, delivery of DIV3W-siCSNK2A1 complexes at the 40:1 N:P ra-
tio did not exhibit significant inhibition of cell migration compared
with treatment with siNT, with cell migration across the scratch area
covering 88.8% + 1.2% of the width in the siNT group and 63.7% +
15.6% in the siCSNK2A1 group (Figures 7A and 7B). Although cells
treated with the complexes at the 60:1 N:P ratio did demonstrate
some inhibited wound recovery, with 24.7% + 13.7% of the wound
area being repopulated with cells in the siCSNK2A1 group, only the
80:1 ratio demonstrated a statistically significant reduction of migra-
tion, with only 9.9% + 7.2% wound closure in siCSNK2A1-treated cells
compared with 82.2% + 14.7% closure in cells treated with siNT
(Figures 7A and 7B). CAOV3 cells treated with DIV3W complexes
at an 80:1 N:P ratio also displayed a significant reduction after 72 h,
with siCSNK2A1 treatment reducing the scratch wound closure by
45.6% * 11.9% compared with siNT (Figures S4B and S4C).

To determine the effect of CSNK2A1 gene silencing on the long-
term proliferative potential of ovarian cancer cells, a clonogenic
assay was performed. Treatment of ovarian cancer cells with
DIV3W-siNT complexes was compared with DIV3W-siCSNK2A1
complexes at an 80:1 N:P ratio (Figures 7C and 7D). OVCAR3
and CAOV3 cells both exhibited a statistically significant decrease
in their ability to recolonize, with 78.5% + 2.5% and 76.4% =+
43% relative colonization, respectively, when treated with
siCSNK2A1 compared with siNT (Figure 7E). This reduction in
cell migration and clonogenicity in both cell lines demonstrates
the therapeutic potential of CSNK2A1 as a gene target for ovarian
cancer.
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(A) Fluorescence microscopy of siRNA uptake in OVCARS cells left untreated (UNTD), treated with siNT alone, or DIV3(X) peptide-siNT-DY547 (red) complexes for 4 h. Cells
are counterstained with Hoechst 33342 (blue). Scale bar: 100 um. Flow cytometric analysis (B) and cell count quantification (C) of DIV3(X)-siNT-DY547 uptake into OVCAR3
cells after 4 h. Data are mean + SEM of three independent experiments analyzed with one-way ANOVA and post hoc Tukey multiple comparisons testing, where *p < 0.05,

*p < 0.01, *p < 0.001, and ***p < 0.0001.

DIV3W increases siRNA accumulation in SQ and intraperitoneal

tumors following intratumoral or intraperitoneal administration

In vivo studies were conducted to evaluate the therapeutic potential
of the DIV3W peptide for siRNA delivery. SQ and intraperitoneal
(IP) models of ovarian cancer were generated in mice using
OVCAR3 cells. To assess intratumoral accumulation of siRNA,
mice were treated with either non-targeting siRNA fluorescently
labeled with Cy5.5 (siNT-Cy5.5) or DIV3W complexed with
siNT-Cy5.5 (DIV3W-siNT-Cy5.5). SQ and IP tumors were treated
via intratumoral or IP injection, respectively. DIV3W-siNT-Cy5.5
complexes exhibited significantly enhanced tumor localization of
Cy5.5-siNT signal compared with free siNT-Cy5.5 at all time
points for SQ tumors with intratumoral delivery (Figures 8A and
8B). DIV3W-siNT-Cy5.5 complexes also exhibited higher fluores-
cence intensity in IP tumors via IP delivery after 24 h compared
with siNT-Cy5.5 alone (Figures 9A and 9B); however, when quan-
tified, these differences were not significant. Additionally, intratu-
moral injections of DIV3W-siNT-Cy5.5 in SQ tumors remained
localized to the tumor compared with IP injection in the IP tumor
model. IVIS imaging revealed differences in the localization of fluo-
rescent signal, where focal distribution of siRNA was observed in
SQ tumors that received intratumoral injections (Figure 8A), while
regional fluorescence within the entire IP cavity was observed for
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IP tumors with IP treatment (Figure 9A). Overall, whole-animal
imaging following both intratumoral and IP injection of DIV3W-
siINT-Cy5.5 complexes exhibited higher fluorescence across the
entire 24-h period compared with siNT-Cy5.5 alone, further
demonstrating the ability of the DIV3W peptide to protect
siRNAs from degradation. Ex vivo imaging of organs and tumors
from the SQ group (Figure 8C) confirmed the higher fluorescence
intensity of siNT-Cy5.5 in the tumor tissue compared with other
tissues. In the IP group, fluorescent signal was not detected in
the IP tumors treated with DIV3W-siCSNK2A1l. Additionally,
some fluorescent signal for siNT, in both SQ and IP tumors, was
found in the liver, kidneys, and spleen (Figures 8C and 9C).
Because siRNA accumulation was significantly increased in SQ
models compared with IP models, subsequent gene silencing
studies were conducted using SQ tumors with intratumoral admin-
istration of treatments.

DIV3W-mediated delivery of siCSNK2A1 causes silencing of
CSNK2A1 in SQ tumors after a single-dose treatment

To determine the ability of the DIV3W peptide to mediate delivery of
bioactive siRNAs into ovarian tumor tissue, bioactivity was evaluated
in SQ tumors 48 h post treatment with DIV3W-siCSNK2A1
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complexes via intratumoral injection (Figure 10A). In a single dose of
0.5 mg/kg siRNA, DIV3W-siCSNK2A1 decreased expression of
CSNK2A1 mRNA to 22.53% + 8.24% in SQ tumors (Figure 10B).
DIV3W-siNT treatment had no significant effects on CNSK2AI
gene expression (Figure 10B).

DIV3W-siCSNK2A1-mediated knockdown of CSNK2A1 reduces
tumor burden in SQ tumors following a multi-dosing schedule

A multi-dosing study was completed to evaluate the efficacy of the
DIV3W peptide delivery system and CSNK2A1I as a therapeutic
gene target. Mice with SQ flank ovarian tumors were intratumor-
ally injected with saline, DIV3W-siNT, or DIV3W-siCSNK2A1 in
four doses over a 2-week period. Excised tumors were evaluated
for CSNK2A1 mRNA (Figure 11A) and CK2a protein (Figure 11B)
expression. qPCR analysis revealed that mice treated with DIV3W-
siCSNK2AL1 yielded only 37.7% + 11.2% CSNK2AI mRNA expres-
sion relative to saline controls and 16.4% + 11.2% mRNA expres-
sion compared with DIV3W-siNT-treated animals (Figure 11A). A
reduction in CK2a protein production was also noted through
western blotting (Figure 11B) and immunocytochemistry analysis
of tumor tissue (Figure 11C). Analysis of tumor volume over
time revealed that DIV3W-siCSNK2A1 treatments reduced the
growth rate of treated tumors such that they were only 33.37 +
26.68 mm® larger than the volume at the first treatment injection
(Figure 12B). In contrast, DIV3W-siNT-treated tumors were
205.25 + 25.77 mm° larger in volume, and saline-treated tumors
grew 22422 + 7851 mm’ over the course of the study

DIV3W 60:1

Figure 5. Endosomal escape ability of DIV3W
Immunofluorescence microscopy of early endosome
antigen-1 (green) after incubation of OVCAR3 (A) and
CAOV3 (B) cells with siNT-DY547 (red) complexed with
DIV3(X) peptides at a 60:1 N:P ratio for 4 and 8 h.
Colocalized green and red fluorescence (yellow) indicates
endosomal entrapment of the peptide/siRNA complexes,
identified with white arrows, while siRNA that has
escaped can be seen in red in the overlay image. Cell
nuclei are counterstained with Hoechst 33342 (blue).
Scale bar: 20 pm.

(Figure 12B). Final tumor masses and volumes
were also recorded following tumor retrieval
(Figures 12C and 12D). The mean volumes of
resected tumors were 78.29 + 18.07 mm3,
266.74 =+ 27.37 mm3, and 270.67 =
80.21 mm’ for mice treated with DIV3W-
siCSNK2A1, DIV3W-siNT, and saline, respec-
tively. Additionally, vimentin and Akt mRNA
levels were assessed to determine downstream
effects on cellular migration, growth, and pro-
liferation. In tumors treated with DIV3W-
siCSNK2A1, vimentin and Akt mRNA levels
were downregulated 2-fold; however, the differ-
ences were not statistically significant between
the DIV3W-siCSNK2A1 treatment and saline or siNT controls
(Figure 13).

DISCUSSION

Endosomal entrapment of nanocarriers encapsulating siRNA and
activation of the lysosomal degradation pathway significantly hinders
the translatability of siRNA therapies through acidic degradation.*
Several nanoparticle systems are able to encapsulate and deliver
siRNA to cancer cells but may have reduced biocompatibility and
allow insufficient endosomal escape.”” * Cell-penetrating peptides
cause endosomal escape via the proton sponge effect but have been
shown to induce cytotoxic effects on cells because of their strong pos-
itive charge.*’ Conversely, lipid and polymer nanoparticles have high
biocompatibility but may require the addition of cationic peptides or
lipid/polymer formulation changes to increase the charge necessary
for endosomal escape capabilities; however, these modifications can
hinder uptake and increase cytotoxicity."' ** This work explores
novel fusogenic peptides as a viable carrier for RNAi therapeutics
that may overcome barriers of cellular uptake, biocompatibility,
and endosomal entrapment.

We have designed three fusogenic peptide sequences with a core
amphiphilic sequence repeat to enable endosomal membrane fusion
in response to the acidic endosomal environment, each attached to
a poly-D-arginine tail to allow efficient complexing of peptides with
siRNA cargo through electrostatic interactions.”*> We have shown
that each DIV3(X) peptide variant can efficiently complex with
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Figure 6. Fusogenic-mediated bioactivity of siRNAs in OVCARS3 cells

gPCR analysis of CSNK2AT mRNA after treatment of OVCARS cells with DIVAS (A) DIV3H (B) and DIV3W (C) peptides complexed with siNT or siCSNK2A1 for 48 h. Data are
mean + SEM of three independent experiments analyzed with Student’s t test within each N:P ratio. *p < 0.05; **p < 0.01; ns, not significant. (D) Western blot analysis of
CSNK2AT1 protein product, CK2a, after treatment of OVCARS cells with DIV3W-siCSNK2A1 for 48 h B-Actin expression was monitored to ensure equal protein loading.

siRNAs, form monodisperse nanoparticles, and protect siRNAs from
serum and RNase degradation, which are characteristics appropriate
for systemic delivery and increased circulation time to allow for the
accumulation of nanoparticles in the tumor microenvironment.

After characterizing the peptide/siRNA complexes, we examined the
ability of the fusogenic peptides to mediate efficient delivery of
siRNAs into ovarian cancer cells in vitro. DIV3W significantly out-
performed DIVA3 and DIV3H in enhancing the internalization of
siRNAs into OVCAR3 cells. We also observed that cellular internal-
ization of siRNAs into ovarian cancer cells increased with increasing
N:P ratio for each peptide due to greater hydrophobicity and positive
charge. Increases in primary sequence hydrophobicity, and therefore,
hydrophobicity of the supramolecular assembled complex, conferred
by the tryptophan residue in DIV3W, may attribute to the increased
internalization of siRNA by DIV3W compared with the DIVA3 and
DIV3H peptides. Peptide sequences including tryptophan have previ-
ously been shown to increase cellular membrane affinity and endocy-
totic activity,z‘z’3 416 which was further validated in our studies with
increased siRNA internalization mediated by DIV3W. The differ-
ences in endosomal entrapment and later escape in each peptide vari-
ation, determined by levels of gene knockdown, may be attributed to
the increased affinity for pH-dependent conformation change and
increased hydrophobicity with the addition of histidine and trypto-
phan amino acid residues, respectively.'®***>*" Although peptide
conformational change to helical secondary structure is required for
o helix formation,” inclusion of the tryptophan residue in DIV3W
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inherently enables higher membrane affinity with increased hydro-
phobicity before pH changes occur, through the insertion of the hy-
drophobic R groups into the endosomal membrane.***” Because of
this, we suspect that DIV3W enhances endosomal escape and release
of bioactive siRNA into the cytosol. Furthermore, viability studies
demonstrated that DIV3(X) peptides did not cause cytotoxicity alone
without siRNA cargo.

The selection of the optimal DIV3(X) peptide variant was confirmed
through qPCR and western blot analysis of siRNA bioactivity. The
bioactivity confirmed among all peptide variants also reflects the sta-
bility of the complexes in serum since all gene silencing experiments
were conducted in the presence of serum to replicate physiologically
relevant conditions. Compared with the other peptide variants, the
enhanced siRNA bioactivity achieved with DIV3W aligns with previ-
ous assays, as DIV3W also demonstrated the highest siRNA protec-
tion and endosomal escape. These results demonstrate the potential
of DIV3W as a delivery system for RNAi-based therapies and justify
the selection of DIV3W as the fusogenic peptide for analysis of
ovarian cancer cellular response to silencing the target gene.

CSNK2A1 has a vast array of roles in the activation of cellular path-
ways and processes. Many of these responses may be cancer-type-
dependent; studies have shown that CSNK2A activates phosphoryla-
tion of SIRT6 in breast cancer, the phosphoinositide 3-kinase
(PI3K)-protein kinase B (Akt)-mammalian target of rapamycin
(mTOR) pathway in gastric cancer, and nuclear factor kB (NF-«B)
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DIV3W complexed with (A) siNT or siCSNK2A1 at an 80:1 N:P ratio was delivered to OVCARS cells for 24 h and the ability of the cells to migrate across a scratch wound was
observed using phase microscopy imaging over 72 h. Scale bar: 1,000 um. (B) Cell regrowth over the course of 72 h was quantified with ImageJ and represented as
percentage wound healing relative to the initial scratch distance. White-light imaging of clonogenic colony-forming assay of OVCARS (C) and CAOV3 cells 14 days after
treatment with DIV3W-siCSNK2A1 at 80:1 N:P ratio. (D) The number of colonies was quantified and normalized to siNT negative control groups to assess recolonization. Data
are mean + SEM of three independent experiments and were analyzed using a two-way ANOVA with Tukey’s multiple comparisons post hoc test and one-tailed T test for
scratch and clonogenic results, respectively, where “p < 0.05, **p < 0.01, and ***p < 0.0001.

in glioblastoma, all contributing to poor patient prognosis.** > In or-
der to examine the effect of silencing CSNK2A1 expression on onco-
genic activity in ovarian cancer cells, viability, scratch migration, and
colonization assays were completed after treatment with DIV3W-
siCSNK2A1 complexes. While we did not observe any significant
loss of cell viability after a 48-h treatment with DIV3W-
siCSNK2A1 complexes, other studies have also demonstrated that
knocking down CSNK2A1 does not result in a loss in cell viability
without including supplemental drug treatments due to the many
roles of CSNK2A1 in cell communication pathways in different cell
types.””*>*">? Silencing CSNK2A1 did reduce cell migration, which
is consistent with previous reports that show upregulated CSNK2A1
expression contributes to increased cancer aggressiveness and
decreased survivability rates in several cancer types.**”"”*> Addition-
ally, it has been demonstrated that CSNK2A1 expression mediates the
PI3K-Akt-mTOR pathway, attributing to increased oncogenesis,
migration, and invasion.”” Knockdown of CSNK2A1 via lentiviral

transfection in gastric cancer cells inhibited migration across a scratch
wound compared with cells with high CSNK2A1 expression.*’ It was
also observed that CSNK2A1 knockdown in gastric cancer cells
reduced their invasion,” which, combined, may correlate to
decreased cancer cell regrowth after treatment, reducing distant met-
astatic spread. Additionally, studies have shown that overexpression
of CSNK2A1 and its protein product, CK2a., enhance the clonogenic
survivability of melanoma cells.>* Our results are consistent with this
observation; silencing of CSNK2A1 mediated by the DIV3W peptide
significantly reduced the clonogenicity of OVCAR3 and CAOV3
ovarian cancer cells. This consistency between cancer models also
suggests that CSNK2AI’s roles in tumorigenesis can possibly be nar-
rowed to cell communication, enhancing migration and regrowth.

To further evaluate the clinical translatability of the DIV3W peptide

system as a gene delivery tool, we examined the peptide’s ability to
deliver bioactive siRNAs into ovarian tumor tissue using murine
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Figure 8. SQ delivery of DIV3BW-siNT complexes in SQ flank ovarian tumor model

Naked siNT-Cy5.5 or DIV3W-siNT-Cy5.5 nanoparticles were delivered intratumorally to SQ tumors (A) and siRNA uptake was quantified from fluorescence using total photo
emissions (B). (C) Mice were imaged at 3-, 6-, 12-, and 24-h intervals before euthanasia and ex vivo imaging. Quantification of total photon emission (photons/s) was
completed with Aura software after normalization to siNT controls. Data are mean + SEM of N = 3 and analyzed via two-way ANOVA with Tukey’s multiple comparisons post

hoc test, where *p < 0.05, **p < 0.01, and ***p < 0.0001.

xenograft models. The cell line used in this study, OVCAR3, was
selected because of its clinical relevance to high-grade serous
ovarian adenocarcinoma in addition to its use in our in vitro

graft tumor models without using a supplementary basement matrix
or delivering high quantities of cells.”® " To address this issue, we
delivered OVCAR3 cells in a 50% v/v solution containing 10%

work.”>>® However, this cell line has had difficulty developing xeno- ~ Matrigel. While SQ tumors were successfully grown and easily
A B 9 ns
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Figure 9. IP delivery of DIV3W-siNT complexes in IP ovarian tumor model
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Naked siNT-Cy5.5 or DIV3W-siNT-Cy5.5 nanopatrticles were delivered IP to IP tumors (A) and siRNA uptake was quantified from fluorescence using total photo emissions (B).
(C) Mice were imaged at 3-, 6-, 12-, and 24-h intervals before euthanasia and ex vivo imaging. Quantification of total photon emission (photons/s) was completed with Aura
software after normalization to siNT controls. Data are mean + SEM of N = 3 and analyzed via two-way ANOVA with Tukey’s multiple comparisons post hoc test. ns, not

significant.
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Figure 10. DIV3W-siCSNK2A1-mediated knockdown
of CSNK2A1 in SQ ovarian tumors 24 h post treatment
*k (A) Treatment procedure for SQ animal groups and (B) the
resulting relative CSNK2A1 expression for animals treated
with saline (N = 2), DIVBW-siNT (N = 4), and DIV3W-

T SICSNK2A1 (N = 4) in SQ tumors. Data are mean + SEM
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observed, cells injected IP exhibited sporadic development of
palpable tumors.

Following tumor establishment, we examined whether the DIV3W
peptide delivered siRNAs into ovarian tumor tissue. Similar to other
peptide-siRNA carriers delivered via intratumoral injection into SQ
tumors in mice,””” our results revealed that the novel fusogenic pep-
tide enhanced retention of siRNA in tumor tissue via intratumoral de-
livery in SQ tumors, demonstrating the stability of the complex and
potential to prevent siRNA degradation. We also observed siRNA
signal in organs of the mononuclear phagocytic system when treat-
ment was administered via both IP and intratumoral routes. Howev-
er, accumulation of delivery systems in off-target sites, such as the
kidney, liver, and spleen, is not uncommon, especially when delivered
systemically.””®" We suspect that, because DIV3W is not functional-
ized with an active targeting component, this may contribute to
nonspecific delivery. Several studies have incorporated an active tar-
geting moiety to increase tumor targeting for peritoneal carcinomas

62-64, however, there have been conflicting results on

and metastasis
whether a targeting component increases tumor targetability for IP
delivery. Nonetheless, intratumoral administration of treatments
into SQ tumors exhibited significant tumor uptake and warranted

further investigation through bioactivity and anticancer studies.

We examined the ability of the DIV3W peptide to mediate delivery of
bioactive siRNAs in a single-dose study where significant CSNK2A 1
mRNA knockdown provided the rationale for conducting a multi-
dose study to assess the anticancer and downstream effects of target-
ing CSNK2A 1. We noted an unexpected increase of CSNK2AI mRNA
in tumors treated with the DIV3W-siNT control. Because there were
no visual differences in the mice, increased mRNA expression could
be due to off-target effects of the siNT. While our non-targeting
siRNA has no known gene targets in mice or humans, it is possible
that repeated treatment over 2 weeks affected CSNK2A1 mRNA in
a concentration-dependent manner, which has been reported else-
where.®” Our results indicate that this phenomenon could also be
dose dependent since our single-dose bioactivity studies did not
show an increase in CSNK2A1 mRNA expression; however, this
occurrence needs to be further evaluated. Silencing of CSNK2AI in
ovarian tumor tissue mediated by DIV3W-siCSNK2A1 complexes
led to several downstream effects. The significantly suppressed tumor

siNT  siCSNK2A1

growth coincides with the ability of siCSNK2A1 to reduce cell migra-
tion and invasion, as reported in our in vitro data. Because CSNK2A1
is thought to play a role in migration, invasion, and the PI3K-Akt-
mTOR pathway,””** we sought to further explore its role in migration
and proliferation by analyzing the expression of vimentin and Akt.
The decreased expression of both genes indicates a reduction in
migration and proliferation, providing further rationale for the
reduced tumor growth observed when DIV3W-siCSNK2A1 was
administered to SQ tumors in the multi-dosing study. These results
provide additional insight into the relevance of CSNK2A1 as a gene
target in ovarian cancer.

Overall, this study demonstrates the ability of a series of fusogenic
peptides composed of amphiphilic core repeats and a cationic poly-
(D)-arginine tail to efficiently complex with, protect, and deliver ther-
apeutic siRNA into ovarian cancer cells. The DIV3W peptide proved
optimal for enhancing intracellular delivery, endosomal escape, and
silencing of CSNK2A1 mRNA and CK2a protein expression to reduce
cellular migration and proliferation in vitro and in vivo. These results
demonstrate the potential of the DIV3W peptide for the delivery of
RNAI therapeutics and the potential of CSNK2AI as a therapeutic
gene target to treat ovarian cancer.

MATERIALS AND METHODS

Cell culture

Ovarian epithelial cancer cell lines, OVCAR3, obtained from the
American Type Culture Collection (ATCC, Manassas, VA), and
CAOV3 (donated from Hollings Cancer Center, Charleston, SC)
were cultured in McCoy’s 5A culture medium and Dulbecco’s modi-
fied Eagle’s medium (DMEM, ATCC) respectively, supplemented
with 10% fetal bovine serum (FBS, Corning, Corning, NY) and 1%
penicillin/streptomycin (P/S) antibiotic solution (Corning). All cul-
tures were incubated at 37°C in 5% CO,.

Peptide synthesis

Peptides DIVA3 (WEADIVADIVADIVAGGG-(d)RRRRRRRRR),
DIV3H (WEADIVADIVHDIVADIVAGGG-(d)RRRRRRRRR), and
DIV3W (WEADIVADIVWDIVADIVAGGG-(d)RRRRRRRRR)
were synthesized, purified (>95% purity), and analyzed via high-per-
formance liquid chromatography (HPLC) by Genscript (Genscript
USA, Piscataway, NJ). All formulations contained an end sequence
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Figure 11. CSNK2A1 mRNA and CK2« protein expression following a multi-dosing regimen of DIV3W-siCSNK2A1 in SQ ovarian tumors
(A) CSNK2A1 gene expression quantified via gPCR relative to saline-treated controls. (B) Western blot analysis of CK2a knockdown caused by CSNK2A1 gene silencing.
(C) Immunocytochemistry of CK2a protein expression (GFP, green) in 0.5-pm tumor tissue sections with nuclei stained with Hoechst 33342 (blue). Data are mean + SEM of

N = 5 analyzed via one-way ANOVA, where **p < 0.01. Scale bar: 50 pm.

of nine D-arginine residues with no terminal modifications. Lyophi-
lized peptide formulations were resuspended in analytical-grade
dimethyl sulfoxide (DMSO) to create stock peptide solutions of
100 pM (10 mg/mL). Working solutions of 10 uM (1 mg/mL) were
created using a 1:10 dilution of stock peptide in RNase-free water,
and all solutions were stored at —80°C.

Gel shift assays

DIVA3, DIV3H, and DIV3W (all three denoted as DIV3(X)) pep-
tides resuspended in RNase-free water (10 pM) were thawed and
kept on ice prior to complexation with 10 pM negative control si-
GENOME non-targeting siRNA #5 (siNT, GE Healthcare Dharma-
con, Lafayette, CO) in RNase-free water and incubated for 20 min at
room temperature to allow the formation of DIV3(X)-siNT com-
plexes. Various molar ratios of peptides were complexed with
siNT at increasing N:P molar ratios to determine the minimum
molar ratio necessary to completely complex free siRNAs using an
electrophoretic mobility shift assay. To determine the ability of
each peptide variant to protect siRNAs from degradation,
DIV3(X)-siNT complexes or siNT alone was left untreated or incu-
bated with either 50% v/v FBS or 5 ng/mL RNase A at 37°C for 1 h.
After this, complexes were dissociated using 6% sodium dodecyl sul-
fate (SDS). Samples were added to a 2% agarose gel and run at 100
V. Gels were stained with ethidium bromide, subsequently destained
with Milli-Q water, and the gel was imaged using a ChemiDoc XRS
imager (Bio-Rad, Hercules, CA).

Dynamic light scattering and TEM

DIV3(X)-siNT complexes were prepared at 2 mg/mL in RNase-free
water as previously described. Hydrodynamic size and surface charge
of the peptide/siRNA complexes were determined using a Nano ZS
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Zetasizer (Malvern Pananalytical, Malvern, UK). All data were re-
corded using Malvern’s Zetasizer software.

In order to obtain TEM images of the peptide-siRNA complexes,
DIV3W-siNT complexes were prepared as previously described to a
concentration of 1 mg/mL in RNase-free water. After a 20-min incu-
bation, TEM samples were prepared via drop casting onto a copper
mesh grid. Following a 5-min drying period, the remaining water
was wicked away, and the sample was background stained with 1%
uranyl acetate solution (Electron Microscopy Sciences, Hatfield,
PA). Samples were stored for 48 h to allow for complete solution
evaporation and sample crystallization. TEM was completed using
a Hitachi HT7800 microscope (Hitachi, White Plains, NY) and
imaged at 80,000 x magnification.

Cytotoxicity

Cells were seeded at 10,000 cells/well with complete culture medium
in a 96-well plate and incubated overnight to allow the cells to atta-
ch. DIV3(X) peptides were complexed with siNT at 40:1-80:1 N:P
molar ratios. DIV3(X)-siNT complexes were incubated with
OVCAR3 or CAOV3 cells at a final concentration of 100 nM siRNA
and 10% FBS for 24 h, after which medium was aspirated and cells
were washed with 1x phosphate-buffered saline (PBS) and fresh
medium with 10% FBS was added to each well and incubated for
another 24 h.

Viability was measured using an MTS assay performed with CellTiter
96 AQueous One Solution Cell Proliferation Assay (Promega, Madi-
son, WI). Assay reagent was added according to the manufacturer’s
protocol, and cells were incubated for 4 h. Absorbance was read using
a BioTek Synergy LX (BioTek, Winooksi, VT) plate reader at 490 nm.
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Figure 12. Evaluation of ovarian tumor growth following multi-dosing treatment with DIV3W-siCSNK2A1
(A) Tumor growth over time for saline, DIV3W-siNT, and DIV3W-siCSNK2A1-treated mice in the multi-dose schedule. (B) Tumor volume change from treatment injection 1
through final excised volume measurement. Tumor mass (C) and tumor volumes (D) recorded after euthanasia and tumor harvesting. Data are mean + SEM of N = 5 and

analyzed via one-way ANOVA, where *p < 0.05.

An MTS cell viability assay was also conducted as described for
OVCAR3 and CAOV3 cells treated with DIV3W-siRNA complexes.

Cellular uptake

OVCAR3 and CAOV3 cells were prepared as previously described at
50,000 cells/well in a 24-well plate. DY547 fluorescently labeled siNT
(siNT-DY547, GE Healthcare Dharmacon) was complexed with the
DIV3(X) peptides in RNase-free water at 40:1 to 80:1 N:P molar ratios
and incubated with OVCAR3 or CAOV3 cells for 4 h. Post incuba-
tion, medium was aspirated, and cells were washed with 1x PBS.
To counterstain the nuclei, SuperSignal NucBlue Hoechst 33342 stain
(Thermo Fisher Scientific, Waltham, MA) was added to the cells for
30 min, followed by an additional 1x PBS wash. Subsequent imaging
was performed using an EVOS FL microscope (Thermo Fisher Scien-
tific) at 10x magnification. For flow cytometric analysis, cells were
detached, resuspended in 1x PBS, and analyzed using an Attune
NXT Acoustic flow cytometer (Invitrogen, Carlsbad, CA) with the
blue laser line and BL2 (574/26 nm) channel.

For analysis of endosomal escape, following the 4- and 8-h treat-
ments, OVCAR3 and CAOV3 cells were fixed with 4% paraformalde-
hyde in 1 x PBS and permeated with 0.5% Triton X-100 in 1x PBS for
15 min at room temperature. Blocking was completed after washing
three times with 1x PBS by incubating with 1% BSA in 1x PBS for

30 min at room temperature. Primary antibodies for early endosome
antigen-1 (rabbit anti-EEA1, Thermo Fisher) were diluted in 1x PBS
(1:100) and incubated with cells for 1 h at 4°C in the dark. Following
washing three times using 1x PBS, cells were incubated with Alexa
Fluor 488 goat anti-rabbit secondary antibodies (Invitrogen) in a
1:100 dilution at room temperature for 1 h. Cells were washed three
more times with 1x PBS, stained with SuperSignal NucBlue Hoechst
33342 (Thermo Fisher Scientific), and imaged using an EVOS FL mi-
croscope at 10x magnification.

gRT-PCR

Cells were seeded at 50,000 cells/well as previously described and
treated with siRNA targeting CSNK2A1 (siCSNK2A1 #s3638,
Thermo Fisher Scientific) at increasing N:P ratios, as described pre-
viously, and incubated for a total of 48 h in McCoys 5A/DMEM-
10% FBS. Treated cells were washed with 1x PBS at 24 h, and fresh
medium was added. RNA isolation was completed using a Qiagen
Mini-RNeasy Kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s protocol. RNA isolation quality and quantity were
measured through the Gen5 protocol using a Take3 plate
(BioTek). RNA was reverse transcribed using the QuantiTect
Reverse Transcription kit (Qiagen). Real-time qPCR was completed
with a QuantStudio 3 qPCR system (Applied Biosystems) using
Applied Biosystems TagMan FAST Master Mix (Thermo Fisher)
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and CSNK2A1 (ID# Hs00751002_s1) and 18S (ID# Hs99999901_s1)
predesigned TagMan probes according to the manufacturer’s
protocol.

Western blot

Cells were seeded at 100,000 cells/well with complete culture medium
in a six-well plate and left to incubate overnight. Cells were washed
and treated with DIV3(X)-siRNA complexes as previously described.
Following the 48-h treatment, cells were washed with 1x PBS and
lysed with cold radioimmunoprecipitation assay (RIPA) buffer sup-
plemented with protease inhibitor cocktail (Thermo Fisher). Protein
concentrations were determined via bicinchoninic assay according to
the manufacturer’s protocol and absorbance was read at 562 nm.
Equivalent protein concentrations for each treatment condition
were separated by SDS-PAGE on a Bio-Rad Stain-Free 10% gel ac-
cording to Bio-Rad protocols and transferred to a stain-free PVDF
membrane using a wet transfer system. The PVDF membrane was
cut at appropriate molecular weight intervals consistent with protein
weights analyzed and blocked for 1 h with 5% non-fat dried milk so-
lution in 1x Tris-HCl-buffered saline 0.1% Tween 20 (TBST) at room
temperature. Blots were probed at 4°C overnight with rabbit mono-
clonal anti-CK2o antibody (1:1,000, Invitrogen) or mouse mono-
clonal anti-B-actin (1:10,000, Sigma-Aldrich, St. Louis, MO). Mem-
branes were washed five times with 1x TBST and incubated with
goat anti-rabbit (1:1,000, Thermo Fisher) or goat anti-mouse
(1:10,000, Thermo Fisher) secondary antibodies for 1 h at room tem-
perature. Five additional washes with 1x TBST were performed, and
protein bands were detected with SuperSignal West Pico Plus Chemi-
luminescent Substrate (Thermo Fisher) and imaged using a Bio-Rad
ChemiDoc Imaging System.

Cell migration and colonization analysis

Scratch migration was completed by seeding OVCAR3 or CAOV3
cells at 100,000 cells/well in a 12-well plate to achieve near 100% con-
fluency. Following a 48-h treatment with DIV3W-siCSNK2A1 or
DIV3W-siNT complexes, a vertical and horizontal scratch was
made in the cell monolayer using a 200-pL micropipette tip, and
edges were smoothed using a gentle wash with 1x PBS. Cells were
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ing image analysis software, measurements across

the horizontal axis were taken for each image,

with wound closure percentages calculated at
each time point using the equation below (Equation 1) where ¢; is
the distance at any time point i and t, is the distance at time 0.

=

Percent Wound Heal (t;) = 100 — X 100} %

(Equation 1)

In the formula for calculating percentage wound heal in the scratch
wound assay, the distance at t = 0, ¢, was deducted from each subse-
quent distance measurement, t;, at t = i. Distance difference was
normalized to t, and subtracted from 100 to represent the percentage
distance closed from t,.

Colonization of treated cells was determined using a clonogenic assay
and quantified via absorbance at 490 nm. Cells were seeded at 50,000
cells/well in a 24-well plate and treated with DIV3W- siCSNK2A1 or
DIV3W-siNT complexes as previously described. Cells were har-
vested, counted, and reseeded in a six-well plate at a concentration
of 2,500 cells/well. Cell growth was monitored for 14 days with me-
dium changes every 2 days. After the growth period, cells were washed
with 1x PBS and stained with a 0.1% crystal violet solution for
30 min. Unbound crystal violet was washed with double-distilledH,0O
(ddH,0), and plates were air-dried for 15 min and imaged with the
ChemiDoc Imaging System. Recolonization was quantified by
manual counting of colonies formed, and data were normalized to
siNT-treated groups.

Generation of tumor xenografts

All mouse procedures and experiments were approved by the Clem-
son University Institutional Animal Care and Use Committee
(IACUC) and completed in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH) and Godley-Snell Animal
Research Facility (GSRC) Animal Use policies. Procedures for gener-
ating xenograft SQ and IP ovarian cancer tumors were derived and
modified from previous works.”*>*” Athymic nude-FoxN1™ mice
were obtained at 6-7 weeks of age (Envigo, Indianapolis, IN).
OVCAR3 cells were cultured and grown to 50% confluence as
described previously, harvested, and 10 x 10° cells were suspended
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in 100 pL of 10% Matrigel matrix suspension (Corning, Corning, NY)
in 1:1 ratio (v/v) of medium/Matrigel. Cell suspensions were injected
into mice either SQ in the right flank or IP into the lower right quad-
rant. Tumors were grown for 14 days before administration of
treatment.

In vivo and ex vivo imaging

After tumor growth was established and tumors measured at least
50 mm?, siNT-Cy5.5 alone or DIV3W-siNT-Cy5.5 complexes at an
siRNA dosage of 0.5 mg/kg were delivered intratumorally to SQ tu-
mors or IP to IP tumors. Animals were imaged 3, 6, 12, and 24 h
post treatment using the PerkinElmer IVIS Spectrum In Vivo Imag-
ing System (PerkinElmer, Waltham, MA). Gray-scale images were
obtained using 2 x 2 binning and fluorescent images were captured
using the Cy5 optical filter, also using 2 x 2 binning. Images were ac-
quired and formatted to inverted rainbow spectrum using
LivingImage software (PerkinElmer) and exported for fluorescence
intensity quantification using Aura software (Spectral Instruments,
Tucson, AZ). After 24 h, animals were euthanized according to
TACUC and GSRC protocols, and tumor, heart, lungs, liver, kidneys,
and spleen were explanted for ex vivo imaging with quantification as
described.

qPCR and western blot analysis

SQ and IP tumors were treated with saline, DIV3W-siNT, or
DIV3W-siCSNK2A1 for either 48 h or in a multi-dose schedule
over 2 weeks. Mice were injected with 0.5 mg/kg of siRNA at each
treatment, and multi-dosing occurred every 3 days for four doses. Tu-
mors were measured in two dimensions using digital calipers, and
tumor volumes were calculated using the formula: & x D/2, where
d is the smaller dimension.'® Mice were euthanized 48 h post injection
of the final dose. Tumors were resected after euthanasia and stored in
RNAlater at 4°C (Thermo Fisher). Tumor tissue was then homoge-
nized, and the lysate was processed using a Qiagen AllPrep RNA/
Protein kit (Qiagen, Hilden, Germany). RNA isolation was performed
according to Qiagen protocols and was quantified using a Take3 plate
(BioTek, Winooksi, VT) and the Gen5 analysis software. RNA was
reverse transcribed using the QuantiTect Reverse Transcription kit
(Qiagen). Real-time qPCR was completed with a QuantStudio 3
qPCR system (Applied Biosystems) using Applied Biosystems
TagMan FAST Master Mix (Thermo Fisher) and CSNK2AI
(ID# Hs00751002_s1), AKTI (ID#Hs00178298 ml1), VMAC
(ID#Hs00418522_m1), and 18S (ID# Hs99999901_s1) predesigned
TagMan probes according to the manufacturer’s protocol. For pro-
tein measurement via western blot, lysates were processed using the
Qiagen AllPrep RNA/Protein kit (Qiagen), and total protein was
quantified via bicinchoninic assay according to the manufacturer’s
protocol.

Immunocytochemistry

SQ and IP tumor fragments from the multi-dose anticancer study
were snap-frozen using liquid nitrogen and embedded in Scigen
Tissue-Plus OCT Compound (Thermo Fisher Scientific). Samples
were sectioned on a cryostat to approximately 10-pm depths and

mounted on histological slides. Tissue samples were incubated with
cold blocking buffer containing 1% BSA in 1x PBS for 30 min at
room temperature, washed with cold 1x PBS twice, and incubated
with anti-CK2a. antibody (1:100, Invitrogen) overnight at 4°C. Sam-
ples were then washed with cold 1x PBS and incubated with Alexa
Fluor 488 goat anti-mouse antibody (Thermo Fisher Scientific) for
1 h. Tissue samples were washed three times with cold 1x PBS, incu-
bated with SuperSignal NucBlue Hoechst 33342 (Thermo Fisher Sci-
entific) for 20 min, and washed three more times with 1x PBS prior to
imaging. Images were acquired using an EVOS FL microscope.

Statistical analysis

All data are mean + SEM of three independent experiments. Statisti-
cal comparisons were carried out using GraphPad Prism 8.4.3. Com-
parisons between two independent groups were conducted using a
Student’s t test. In vivo data were acquired to N = 3 in biodistribution
studies, N = 4 in single-dose bioactivity studies, and N = 5 in multi-
dose anticancer studies for all experimental groups. Saline controls
were acquired to N = 2 in bioactivity experiments. Three or more in-
dependent groups with one factor were analyzed using ANOVA and
post hoc Tukey comparisons, and three or more independent groups
with two factors were analyzed using two-way ANOV A, also with post
hoc Tukey comparisons. Results were considered statistically signifi-
cant where p < 0.05.
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