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Abstract

A novel modified nucleic acid nanoparticle harboring an annexin A2 aptamer for ovarian cancer
cell targeting and a GC rich sequence for doxorubicin loading is designed and constructed. The
system utilizes a highly stable three-way junction (3WJ) motif from phi29 packaging RNA as a
core structure. A phosphorothioate-modified DNA aptamer targeting annexin A2, Endo28, was
conjugated to one arm of the 3WJ. The pRNA-3WJ motif retains correct folding of attached
aptamer, keeping its functions intact. It is of significant utility for aptamer-mediated targeted
delivery. The DNA/RNA hybrid nanoparticles remained intact after systemic injection in mice and
strongly bound to tumors with little accumulation in healthy organs 6 hours post-injection. The
Endo28-3WJ-Sph1/Dox intercalates selectively enhanced toxicity to annexin A2 positive ovarian
cancer cells /n vitro. The constructed RNA/DNA hybrid nanoparticles can potentially enhance the
therapeutic efficiency of doxorubicin at low doses for ovarian cancer treatment through annexin
A2 targeted drug delivery.
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INTRODUCTION

Ovarian cancer is a highly metastatic and lethal disease with the highest mortality rate of all
cancers of the female reproductive system®. Most patients have high-grade disease with
metastasis at the time of diagnosis due to vague clinical symptoms at early stages. The 5-
year survival rate for patients with advanced disease is very low despite cytoreductive
surgery and chemotherapy combination regimens. Therefore, new and innovative therapeutic
strategies are needed for the treatment of ovarian cancer to improve the dismal statistics of
overall survival of ovarian cancer patients. Targeted delivery of therapeutics to cancer cells,
with little collateral damage to healthy cells, remains a promising option for the treatment of
ovarian cancer 2.

Doxorubicin, an anthracycline chemotherapy drug, is widely used for treatment of ovarian
and other cancers3. It slows or stops the growth of cancer cells by intercalation with DNA
and inhibiting macromolecular biosynthesis?. Long-circulating PEGylated liposomal
doxorubicin is an FDA approved drug for the treatment of recurrent ovarian cancer®. Given
that the delivery system could benefit the therapeutic effect of doxorubicin on ovarian
cancers, we explored the possibility of using RNA nanoparticles with a targeting ligand for
targeted drug delivery to treat ovarian cancer.

Over the past 30 years, monoclonal antibodies have developed as the affinity ligand of
choice for identifying proteins in research, diagnostics, biosensors, imaging, and more
recently as therapeutics. The impact of antibodies on biology and medicine has been
profound and is an increasingly important component of the biotechnology industry.
However, antibodies have significant limitations for /n vivo applications due to weak
selectivity, batch-to-batch variation, preparation difficulties, immunogenicity and high costs
of production and handling. Aptamers are emerging as attractive alternatives for antibodies.
Aptamers have been extensively sought and studied as protein-capture reagents,
therapeutics, diagnostics, and more recently as biosensors®:”. Unlike monoclonal antibodies,
aptamers can be generated against any biomolecules, whole cells®? or even tissues with little
immunogenicity. Furthermore, aptamers can be easily chemically modified to make them
resistant to degradation and to further modulate their affinity and specificity. Thio-DNA
aptamers, in which one or both the non-bridging phosphoryl oxygens are replaced by sulfur,
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are preferred choices, because these substitutions render the thio-DNAs more stable in
cellular and plasma environments, mostly due to their enhanced nuclease resistance.
Importantly, it has been noted that sulfurization of the phosphoryl oxygens of
oligonucleotides often enhances their binding to targeted proteinsi. Using Cell-SELEX
(Systematic Evolution of Ligands by Exponential Enrichment) on patient-derived ovarian
cancer cells, a DNA thioaptamer, Endo28, that specifically binds to human ovarian cancer
cells was identified!!. The protein target for this aptamer was identified as annexin A2 that
is expressed in the vasculature of ovarian tumors!!. Annexin A2 is a calcium-binding
cytoskeletal protein which is located at the extracellular surface of endothelial cells and
multiple types of tumor cells!2. The Endo28 aptamer can serve as a targeting module for
specific drug delivery to ovarian cancer cells.

Nucleic acid based nanoparticles with variable three-dimensional folding3-15 can be
designed to have specific interaction with functional protein, RNA, even small chemicals
including ions in the organism6-18, RNA/DNA hybrid nanoparticles have been utilized as
multifunctional drug delivery carriers 1%-21, The phi29 pRNA three-way junction (3WJ)
motif with unusually robust thermostable properties?2-23 is used as an platform to construct a
new generation of therapeutic nanoparticles23-25, The core structure of pPRNA-3WJ can be
assembled from three pieces of short RNA oligonucleotides, named 3WJa, 3WJb and 3WJc,
with high efficiency?3. The rigid pRNA-3WJ scaffold ensures the correct folding of its
connected nucleic acid aptamers and other functionalities?326-29, RNA nanoparticles built
with the 3WJ scaffold, while harboring different functional modules, retained the folding
and independent functionalities of the modules for specific cell binding, cell entry, gene
silencing, catalytic function and cancer targeting, both Jin vitro and in animal trials?7:28.30-32,
The pRNA-3W.J nanoparticles are non-toxic and non-immunogenic33. They are also capable
of penetrating across heterogeneous biological barriers to selectively target cancer cells in
mice and delivering therapeutics after systemic injection with little accumulation in healthy
organs and tissues?4:27:28.31,

We incorporated the Endo28 aptamer to the 3WJ core and hypothesize that this DNA/RNA
hybrid nanoparticle will retain the annexin A2-targeting property in vitroand in vivo. With
the addition of fluorescent imaging probe Alexags7 and the chemotherapeutic drug
doxorubicin to the pPRNA-3WJ scaffold, the nanoparticle can function as a drug carrier to
enhance the accumulation of doxorubicin in ovarian cancer cells /n vivo, thus reducing the
distribution of cargoes to other healthy cells and organs. This would significantly enhance
the drug’s therapeutic effects by changing the drug internalization pathway on cancer cells,
since free doxorubicin enters cells mainly through passive diffusion, while doxorubicin
intercalated into nanoparticles can selectively enter annexin A2 positive cells through
receptor mediated endocytosis. An ovarian cancer xenograft mouse model was utilized to
evaluate the biodistribution of nanoparticles /n vivo.

METHODS
Construction of pPRNA-3WJ nanoparticles harboring Endo28 thioaptamer

DNA/RNA hybrid nanoparticles were constructed using a bottom-up approach, as previously
described. Briefly, DNA oligo 3WJc-Endo28-3WJa was synthesized by DNA synthesizer,
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and Alexags7-3WJb 2'F-RNA, 3WJb-Sph1 2"F-RNA, and Sph1-2"F-RNA were prepared by
RNA synthesizer using solid phase synthesis. The sequences are described below (*
represents a phosphorothioated bond, lower case letter represents a 2’ -fluorine modified
base):

3WJc-Endo28-3WJa DNA: 5'-GGA TCA ATC ATG GCA ACG CTC GGA TCG
ATA AGC TTC GCT CGT CCC CC*A GGC* AT*A G*AT* ACT CCG CCC CGT
C*AC GG*A TCC TCT* AG*A GC*A CTG TTG CCA TGT GTA TGT GGG-3’

Alexaga7-3WJIb- 2°F RNA: 5'-(Alexa 647) (C6-NH) ccc AcA uAc uuu Guu GAU cc
e

3WJb-Sph1 2’F RNA: 5"-ccc AcA uAc uuu Guu GAu ccA Auc ccG ¢GG ccA uGG
¢GG ccG GGA G -3’

Sph1-2’F RNA: 5’-cuc ccG Gee Gee AuG Gee GeG GGA uu -37
3WJa-2’F RNA: 5”-uuG ccA uGu GuA uGu GGG -3’
3WJc-2'F RNA: 5'-GGA ucA Auc AuG GcA A -3’

The RNA nanoparticle carrying a scramble aptamer sequence was prepared by in vitro
transcription with Y639F T7 polymerase. The DNA template was prepared by two-step PCR
using primer 1 and 2 for first step, and primer 3 and 4 for second step PCR. 2’-Fluoro (2’-
F)-modified cytosine and uracil were used in the transcription reaction. The transcribed
RNA strand was purified by 8 M Urea 8% polyacrylamide gel ran in TBE buffer (89 mM
tris-borate, 2 mM EDTA). RNA bands of interest were visualized by UV shadowing, excised
from the gel and eluted with elution buffer (0.5 M Ammonium Acetate, 0.1 M EDTA, 0.1%
SDS) followed by ethanol precipitation.

Primerl: 5'-TAA TAC GAC TCA CTA TAC CGG ATC AAT CAT GGC AAG TTC
GGT TGT GTC GGC GAG TAT AG-3’

Primer 2: 5-GGA TCA ACA AAG TAT GTG GGA TCG GCA TTA TAC GTA TAG
CA-3’

Primer3: 5'-GTA TAA TAC GAC TCA CTA TAG GGC CGG ATC AAT CAT GGC
AA-3

Primer4: 5"-CTC CCG GCC ATG GCC GCG GGA TTG GAT CAA CAA AGT
ATG TGG-3’

Scramble template: 5'-GTC GGC GAG TAT AGG TGA AGT TGC CAT GTG TAT
GTG GGG TGA TGG ATT GCT ATA CGT AT-3’

Nanoparticles were assembled by mixing strands at equal molar concentrations in PBS
(w/Ca2* Mg2*) buffer (0.1 g/L CaCl,, 0.2 g/L KCI, 0.2 g/L KH,PO4, 0.1 g/L MgCl,-6H,0,
8.0 g/L NaCl, 1.15 g/L NayHPO,). The mixture was heated to 90 °C for 5 minutes then snap
cooled on ice.
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Loading doxorubicin to Endo28-3WJ-sph1 nanoparticles

Doxorubicin (Sigma) solution (20 uM) was incubated with extended Endo28-3WJ-Sph1 or
Scramble-3WJ-sphl nanoparticles (2 uM) in the intercalation buffer (0.1 M sodium acetate,
0.05 M NaCl, 0.01 M MgCly) for 1 hour at room temperature. The free doxorubicin was
then removed from the system by passing through Sephadex G50 spin column (NucAway ™,
Ambion). The drug loading efficiency was monitored by measuring the fluorescence
intensity of doxorubicin with a fluorescence spectrophotometer (Horiba Jobin Yvon) at
excitation wavelength of 480 nm and emission from 500 to 720 nm.

To measure the intercalation constant of Endo28-3WJ-Sph1 nanoparticle with doxorubicin,
increasing concentrations of RNA nanoparticles were incubated with 1.4 uM doxorubicin,
and the fluorescence intensity of doxorubicin was measured. The fluorescence quenching
was plotted as a function of Dox-conjugating aptamer concentration and fitted to Hill
equation in Origin to calculate the Kg.

Release of doxorubicin from the nanoparticle-doxorubicin conjugates

Drug release from the nanoparticle-doxorubicin conjugates was monitored using a dialysis
bag with 3.5 kDa cutoff under sink condition34. About 400 pL of Endo28-3WJ-Sph1/
doxorubicin conjugate containing 1 UM doxorubicin was dialyzed in the intercalation buffer
at 37 °C. 100 pL of releasing medium was collected at time points of 0, 0.7, 2.5, 4, 6, 8, 20,
and 24 hrs. Free doxorubicin was also dialyzed to test its release profile as a control. The
released doxorubicin was measured by fluorescence spectrophotometer (Horiba Jobin Yvon)
at excitation wavelength 480 nm and emission from 500 to 720 nm.

Serum stability assay

400 ng of Alexaga7-labeled Endo28-3WJ nanoparticle were incubated in PBS buffer
containing fetal bovine serum (FBS) at final concentration of 10 %. Samples were taken at
multiple time points, including 0, 0.5, 1, 2, 4, 8, 9, and 24 hours after incubation at 37 °C.
8% Native TBM polyacrylamide gel electrophoresis was applied to visualize the RNA. The
gel was imaged at Alexags7 channel with Typhoon FLA 7000 (GE Healthcare; Pittsburgh,
Pennsylvania).

Nanoparticle size and zeta potential measurement by DLS

Cell culture

Apparent hydrodynamic sizes and zeta potential of assembled Endo28-3WJ nanoparticles
were measured by a Zetasizer nano-ZS (Malvern Instruments; Malvern, United Kingdom).
RNA nanoparticles were measured at 1 uM in Diethylpyrocarbonate (DEPC)-treated water
at 25 °C.

Human ovarian cancer cell line SKOV3 (American Type Culture Collection; Manassas,
Massachusetts) was grown and cultured in McCoy’s 5A medium (Life Technologies)
containing10% fetal bovine serum (FBS); IGROV-1 cells were cultured in RPMI 1640
medium (Invitrogen; Grand Island, New York) containing 10 % FBS and 1 % gentamicin
sulfate (Gibco); and HEK293T cells were cultured in DMEM medium (Life Technologies)
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containing 10% FBS. All cells were cultured in a 37 °C incubator with a 5 % CO; and a
humidified atmosphere.

Flow cytometry assay

Cells were trypsinized and rinsed with blank medium. Alexag,7-labeled Endo28-3WJ and
the control 3WJ nanoparticles were each incubated with 2 x 10° SKOV3, IGROV-1 or
HEK293T cells at 37 °C for 1 hour, with the final concentration of RNA to be 100 nM. After
washing with PBS (137 mM NacCl, 2.7 mM KCI, 100 mM NayHPQOy4, 2 MM KHoPOy4, pH
7.4), the cells were resuspended in PBS buffer and subjected to flow cytometry assay. Flow
cytometry assay was performed at the UK Flow Cytometry & Cell Sorting Core Facility.

Confocal microscopy imaging

SKOV3, IGROV-1 and HEK293T cells were grown on glass cover slides in their complete
medium overnight. Alexags7-labeled Endo28-3WJ and the control 3WJ nanoparticles were
each incubated with the cells at 37 °C for 2 h at final concentration of 100 nM. After
washing with PBS, the cells were fixed by 4 % paraformaldehyde and stained by Alexa
Fluor® 488 phalloidin (Invitrogen; Grand Island, New York) for actin and Prolong® Gold
Antifade Reagent with DAPI (Life Technologies) for nucleus. The cells were then assayed
for binding and cell entry on an Olympus F\V1000 confocal microscope (Olympus
Corporation).

Cytotoxicity assay

The cytotoxicity of RNA nanoparticles was evaluated with an MTT assay kit (Promega,
Madison, WI) following manufacturer instructions. Briefly, SKOV3 and HEK293T cells
were plated in a 96-well plate and cultured at 37 °C in humidified air containing 5 % CO,
overnight. The Endo28-3WJ-sph1/Dox 2'F RNA nanoparticle conjugates, control
nanoparticles, and free doxorubicin were incubated with cells at 37 °C for 48 hrs, while
keeping the final doxorubicin concentration at 3 uM. Then, 15 uL of dye solution was added
to each well and incubated at 37 °C for 4 hrs, and 100 uL of solubilization/stop solution was
added to each well and incubated at room temperature for 2hrs for color development. The
absorbance at 570 nm was recorded using a microplate reader (Synergy 4, BioTek
Instruments, Inc., USA). The cell viability was calculated relative to the absorbance of cells-
only control.

In vivo biodistribution and tumor targeting of RNA nanoparticles

SKOV3 cells were cultured /n vitro and subcutaneously injected under the skin of 8-week-
old female nude mice. A total of 2 x 106 cells were injected in solution. Tumors were grown
for 4 weeks until they reached a volume of 200 mms3. Mice were then administered PBS,
Endo28-3WJ, or 3WJ each with Alexags7 labels at a dose of 2 uM at 100 pL through the tail
vein. Mice were imaged for whole body fluorescence at time points 0, 1, 2, 4, and 6 hours
with an In Vivo Imaging System (IVIS) imager (Caliper Life Sciences; Waltham,
Massachusetts). Upon the completion of the study, mice were sacrificed; and tumors, hearts,
kidneys, livers, and brains were collected and imaged by whole body imager for Alexagay
signal. Additionally, tumors were frozen at —80 °C and sectioned for confocal microscopy as
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described. Furthermore, tumors were fixed in 4 % paraformaldehyde with 10 % sucrose in
1x PBS buffer at 4 °C overnight. Tumor samples were then placed in Tissue-Tek Optimum
Cutting Temperature compound (Sakura Finetek USA,; Torrance, California) for frozen
sectioning (10 pum thick). Sectioned tissue were then stained with DAPI and mounted with
ProLong Gold Antifade Reagent (Life Technologies; Carlsbad, California) overnight. Slides
were then imaged by Olympus F\V1000-Filter Confocal Microscope System (Olympus;
Pittsburgh, Pennsylvania). This animal experiment was done with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) of The Ohio State University.

Construction of pRNA-3WJ nanoparticles harboring Endo28 aptamer

The Endo28 aptamer sequence was incorporated into the pRNA-3WJ 2"F-RNA, creating
DNA/RNA hybrid nanoparticles suitable for ovarian cancer targeted drug delivery. The
DNA/RNA hybrid nanoparticle with a two-piece design was found to have the highest
assembly efficiency, in which the Endo28 thio-DNA aptamer sequence was connected to the
3" end of 3WJc and 5" end of 3WJa DNA, forming one DNA strand. The DNA oligo was
then assembled with 2" F-modified Alexags7-3WJb 2" F-RNA to form a 2’F RNA/thio-DNA
hybrid nanoparticle with 3WJ core structure, named Endo28-3WJ (Figure. 1a). The two-
dimensional structure of Endo28 thio-DNA aptamer was predicted by M-Fold 3°. The
formation of the hybrid nanoparticle was confirmed by native PAGE analysis (Figure. 1b).
The hybrid nucleic acid nanoparticles have a mean particle size around 8 nm (Figure. 1c)
and negative charge with zeta potential around —24 mV (Figure. 1d) as measured by
Dynamic Light Scattering (DLS). They are stable in serum with a half-life of 4 hrin 10 %
FBS (Figure. le).

Loading doxorubicin into Endo28-3WJ nanoparticles and in vitro release

Doxorubicin can form physically non-covalently conjugate with nucleic acid nanoparticles
by preferentially binding to double stranded 5"-GC-3" or 5'-CG-3" sequences 436:37. To
increase the loading ratio of doxorubicin per nanoparticle, we extended the arm at the 3"-end
of 3WJb by adding a 26 bp GC rich sequence named Sphl. The extended Endo28-3WJ-
Sph1 nanoparticle was assembled from 3 single strands of nucleic acid (Figure. 2a) with
high efficiency as detected by native PAGE (Figure. 2b). The size distribution of
Endo28-3WJ-Sph1l nanoparticle did not change significantly comparing to that of the
Endo28-3WJ nanoparticle, with a mean hydrodynamic diameter around 7 nm (Figure. S1a)
and a zeta potential around —24 mV (Figure. S1b) as measured by DLS. Addition of the GC
rich 2'F RNA sequence to the nanoparticle did not impact its serum stability significantly
either. The Endo28-3WJ-Sph1 hybrid nanoparticles are stable in serum with a half-life of
around 4 hr in 10 % FBS (Figure. S1c).

Doxorubicin (Dox), an anthracycline class drug, has a fluorescence property that can be
quenched after interaction with nucleic acid3®. The incorporation of Dox to the extended
nanoparticle, Endo28-3WJ-Sph1, was examined by fluorescence spectrometry. A decrease in
fluorescence intensity was detected when a fixed concentration of Dox was incubated with
increasing concentrations of Endo28-3WJ-Sph1 RNA nanoparticles (Figure. 2¢). Evaluation
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of the predicted secondary structure of Endo28-3WJ-Sph1l nanoparticle reveals eleven
possible sites for Dox intercalation, as marked by red asterisks in Figure. 2a. The
dissociation constant (K4=140 nM) of the Endo28-3WJ-Sph1/Dox non-vovalent conjugate
was derived from the Hill plot (Figure. 2c, insert), while the Dox concentration was kept at
1.4 uM. It suggested that Dox and the nucleic acid nanoparticles spontaneously formed a
stable physical conjugate, and that the molar binding ratio of equilibrium Dox to the nucleic
acid nanoparticle is around 10:1. The number is consistent with the predicted number of Dox
to be intercalated through nearest-neighbor exclusion in each Endo28-3WJ-sph1l RNA
nanoparticle (Figure. 2a).

A study of Dox released from the nanoparticle-Dox physical conjugate over time was
conducted using a dialysis tube with membrane cutoff of 3 kDa. Upon dialysis, release of
more than 80% Dox was observed in 6 hr with first-order kinetics (Figure. 2d). A
significantly slower drug release rate at the initial stage suggests that this system is
advantageous for /n vivo systemically targeted delivery of doxorubicin. Free Dox showed a
much faster release profile with more than 80% released within the first hour (Figure. 2d).

Targeting of Endo28-3WJ nanoparticles to cancer cells in vitro

To test the targeting property of Endo28-harboring pRNA-3WJ nanoparticles in cell culture,
a fluorescent Alexaga7-labeled 3WJb 2”F-RNA strand was assembled to Endo28-3WJ
nanoparticles to visualize the RNA nanoparticles in cells. The Endo28-3WJ nanoparticles
were incubated with several cell lines, which have different levels of annexin A2 expression.
IGROV-110:39 and SKOV340 are tested as annexin A2 positive cells, while HEK293T as
annexin A2 negative cells is used as a negative control. Following the RNA incubation and
washing steps, cells were analyzed by flow cytometry to confirm the binding of the
Endo28-3WJ nanoparticles. The result showed that Endo28-3WJ has stronger binding to
IGROV-1 (71.2%) than to SKOV3 (51.7%), while HEK29T showed a very low binding
(17.3%), similar to the non-binding 3WJ RNA controls (Figure. 3a). The result agrees with
the annexin A2 expression level in cells as reported1940, The flow cytometry data indicated
that the Endo28 aptamer retained its binding property to annexin A2 on cells after
incorporation to the pRNA-3WJ, thus providing a branched scaffold to include additional
sequences for drug loading.

RNA nanoparticles suitable for targeted therapeutics delivery need to be internalized into the
target cells for proper release of therapeutic agents. The entry of the DNA/RNA hybrid
nanoparticles harboring the Endo28 into annexin A2 positive cells including IGROV-1 and
SKOV3 cells was examined by confocal microscopy, and the annexin A2 low expression
HEK?293T cells were used as negative controls. After incubating Alexag,7 labeled
Endo28-3WJ nanoparticles with the cells, Endo28-3WJ showed clear internalization to
IGROV-1 and SKOV3 cells, but very little signal was observed on HEK293T cells (Figure.
3b). Additionally, low Alexag,7 signal was observed around all cells for the 3WJ
nanoparticles without the annexin A2 aptamers (Figure. 3b). These results suggest that
Endo28-3WJ nanoparticles entered the cells in an annexin A2-dependent fashion.
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Intracellular delivery of doxorubicin to ovarian cancer cells in vitro

To determine if the Endo28-3WJ-Sph1 nanoparticle could deliver Dox to annexin A2-
overexpressing ovarian cancer cells, confocal microscopy imaging was performed. Both
SKOV3 (annexin A2 positive) and HEK293T (annexin A2 negative) cells were incubated
with free Dox, Endo28-3WJ-Sph1/Dox, or Scr-3WJ-Sph1/Dox RNA nanoparticle
conjugates for 8 hrs and then analyzed by confocal imaging. Scr-3WJ-Sph1RNA
nanoparticle with the pRNA-3WJ core structure and a similar Dox loading efficiency but a
scrambled aptamer sequence was used as a negative control. The SKOV3 cells treated with
Endo28-3WJ-Sph1/Dox intercalates exhibited strong Dox fluorescence signal, similar to
free Dox in the confocal microscopy assay. However, when treated with the Scr-3WJ-
Sph1/Dox intercalates, the cells showed much weaker cellular uptake of Dox (Figure. 43).
The released Dox from Endo28-3WJ-sph1/Dox complex was found mostly located in the
cytoplasm and nuclei (Figure. 4a); while in contrast free Dox was located in cell nuclei after
the same treatment (Figure. 4a). When incubated with annexin A2 negative HEK293T cells,
both Endo28-3WJ-Sph1/Dox and Scr-3WJ-Sph1/Dox intercalates showed weak uptake
(Figure. 4a). The cellular localization of doxorubicin after 2 hr incubation was also imaged.
Free doxorubicin was found in nuclei and cytoplasm, while less doxorubicin were detected
in Endo28-3WJ-Sph1/Dox treated SKOV3 cells. This is possibly due to the sustained release
profile of Endo28-3WJ-Sphl/Dox in vitro, only around 20% dox was released from the
Endo28-3WJ-Sph1/Dox after 2hrs, comparing to 80% in free dox (Figure. 4b). The
distribution of doxorubicin in SKOV3 cells after 8 hr treatment with Endo28-3WJ-Sph1/Dox
was similar to 2 hr free dox treated cells. It suggests that Dox can enter cell cytoplasm and
intercalated to nucleus DNA later. Thus free Dox released from Endo28-3WJ-Sph1/Dox
could eventually intercalate into cell nucleus. These results suggest that Endo28-3WJ-
Sph1/Dox non-covalent conjugates can specifically deliver Dox into annexin A2 positive cell
lines.

Effects of Endo28-3WJ-sph1/Dox conjugate on cell cytotoxicity

Cell cytotoxicity was evaluated with an MTT assay, which monitors cell metabolic
activity*1. The cytotoxicity effect of Endo28-3WJ-Sph1/Dox conjugates was tested with
both annexin A2 positive SKOV3 cells and annexin A2 negative HEK293T cells. Various
concentrations (0.625 uM, 1.250 uM, 3.000 uM) of Dox from Endo28-3WJ-Sph1/Dox and
controls including Scr-3WJ-Sph1/Dox and free Dox were incubated with cells.
Endo28-3WJ-sph1/Dox showed significantly higher toxicity on SKOV3 cells than the
controls in all three tested concentrations (Figure. 5a). Such a difference in cytotoxicity was
not detected with HEK293T cells (Figure. 5b). The results suggest that the Endo28-3WJ-
Sphl nanoparticles are able to deliver Dox selectively to annexin A2 positive cells and exert
a higher cytotoxicity effect on the targeted cells.

Targeting of Endo28-3WJ nanoparticles to cancer cells in vivo

Ovarian cancer xenograft mice models were developed through subcutaneous injection of

SKOV3 cells to female nude mice. Tumors were fully developed after 4 weeks. 100 pL of 10
UM Alexags7-labeled Endo28-3WJ nanoparticles were administered to the mice through tail-
vein injection. Mice were whole body imaged to monitor the biodistribution of nanoparticles
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in vivo at designated time points. The mice were sacrificed after 6 hrs, and nanoparticle
accumulation in organs was imaged. Alexags7 Was detected throughout the whole body of
the mice after 30 min of injection, indicating that nanoparticles successfully circulated
through the mice. During the early time points, Alexags7 signal was detected in the tumor,
liver, and bladder of the mice. After 6 hrs, fluorescence signal remained only in the
xenograft tumor, but was not detectable in all healthy organs (Figure. 6a). Confocal
microscopy imaging of the tumor sections shows specific targeting and accumulation of the
Endo28-3WJ nanoparticles to the SKOV3 xenograft tumor, while the control group,
including 3WJ nanoparticles and PBS, showed much lower fluorescent intensity in tumor
cells (Figure. 6b). The results demonstrated that the 3WJ RNA nanoparticles harboring
annexin A2 aptamer are suitable for targeted /n vivo drug delivery to cancer cells.

DISCUSSION

Nanoparticles are attractive drug delivery systems. Although liposomes are the most
commonly used nanoparticles, they have some limitations. Liposomes are known to
accumulate in the liver, and the drug-loaded liposomes can cause significant liver toxicity*2.
Nucleic acids, beyond the native function for RNA interference*3-45, enzyme-like activity“®,
DNA repair®’, and other genome editing®®, can also be designed and constructed with
defined shape and structure#950, Nucleic acid nanoparticles have great potential to overcome
the liver accumulation limitations for /7 vivo application?3:24.27.28.31.51 \yith the nature of
negative surface charge and well defined particle shape and size. The multivalent nature of
the pPRNA-3WJ allows us to conjugate multiple molecules with different functions. The
stoichiometry of the different functional molecules can be carefully controlled. By
conjugating the DNA thioaptamer that specifically binds to annexin A2 positive cells to the
pRNA-3WJ loaded with doxorubicin, we created a multi-functional nanoparticle that
specifically targets ovarian cancer cells and the tumor vasculature.

Nanoparticles with Endo28 aptamer not only specifically bind to annexin A2 positive cells,
but also enter through receptor mediated endocytosis as expected. The polyvalency of the
pRNA-3WJ scaffold also allowed for harboring of imaging probes for tracking and
therapeutics for treatment. By incorporating a GC-rich sequence specifically designed for
the binding of a chemotherapy drug, doxorubicin, efficient loading of the drug was achieved
at around 10 molecules per nanoparticle. The nanoparticles showed a sustained release
profile of doxorubicin, with the drug release reaching 80 % in 6 hrs, compared to the naked
doxorubicin that reached 80% releasing within only 1 hr. Such sustained release will ensure
that majority of the loaded drug will be released after the carrier nanoparticle reaches the
targeted tumor site, thus reducing the distribution of toxic chemical drugs to healthy organs
and minimizing side effects.

Upon confirmation of the annexin A2-targeting nanoparticles entering into ovarian cancer
cells and proper loading/releasing profiling of doxorubicin, /n vitro cancer cell-targeted
delivery of doxorubicin was further tested. SKOV3 cells are known to overexpress annexin
A2 and are also resistant to multiple drugs including doxorubicin, thus serving as a suitable
model. The Endo28-3WJ-Sph1/Dox complex showed significantly higher toxicity towards
SKOV3 cells than the scramble control and the free Dox, suggesting a possible change in the
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intracellular trafficking pathway of the drug when an aptamer is used to deliver the drug.
Confocal imaging showed that the doxorubicin released from the Endo28-3WJ-Sph1/Dox
nanoparticles mainly accumulated in cell cytoplasm, as opposed to free doxorubicin that was
located mostly in cell nuclei. The difference can be attributed to the difference in
doxorubicin cell entry pathways. Free doxorubicin enters cells mainly through passive
diffusion, while the Endo28-3WJ-Sph1/Dox enters cells through annexin A2 receptor-
mediated endocytosis.

The /n vivo biodistribution study showed a promising profile with accumulation of the
nanoparticles in tumors, but not healthy organs. Thus, using the Endo28-3WJ nanoparticle
for cancer cell-targeted drug delivery will benefit ovarian cancer patients by reducing the
side effects of cancer chemotherapeutics and increasing its local concentration in the tumor
microenvironment after systemic administration. Incorporating doxorubicin into annexin A2
aptamer-harboring nanoparticles possibly changed the cell internalization pathway of the
drug. Free doxorubicin enters cell mainly through nonspecific passive diffusion; while the
doxorubicin complexed in nanoparticles mainly enters cells through receptor mediated
endocytosis. Loading doxorubicin into nucleic acid nanoparticles would not only increase its
targeting efficiency to cancer cells, but also potentially reduce its drug resistance. P-
glycoprotein is one of the main mediators for doxorubicin resistance2. Complexing
doxorubicin into nucleic acid nanoparticles changes its cell internalization pathway from
passive diffusion to receptor mediated endocytosis, which can reduce its chance to be
recognized by p-glycoproteins, potentially reducing the drug resistance. The action
mechanism of doxorubicin in cells would not change however, as it only forms non covalent
complex with nucleic acid nanoparticles and can be released from nanoparticles eventually.

Overall, the results demonstrated that stable thio-DNA/2"F-RNA hybrid nanoparticles
harboring annexin A2 aptamer are suitable as nanocarriers for targeted delivery of
doxorubicin to ovarian cancer cells. The DNA/RNA hybrid nanoparticles were proven to
remain chemically and thermodynamically stable for /n vivo application. The annexin A2-
specific nanoparticles produce good binding profiles at 50 nM RNA concentrations and later
proved to provide specific delivery of doxorubicin to SKOV3 cells, with significant higher
toxicity than targeted-scramble controls. The Endo28 thioaptamer-harboring nanoparticles
showed specific targeting to ovarian cancer after systemic administration /n vivo. Large-
scale preparation of this thio-DNA/2’F-RNA hybrid nanoparticle should be pursued for
further moving this new technology to animal therapy and clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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We report here the novel design and construction of a chemical modified DNA/RNA
hybrid nanoparticle for ovarian cancer targeted drug delivery. A thio-DNA aptamer
targeting annexin A2 was conjugated to a highly thermodynamically stable three way
junction (3WJ) core motif derived from pRNA of phi29 bacteriophage. The other arm of
pRNA-3W1 is extended with GC rich sequences for doxorubicin loading. The constructed
nanoparticles retained the annexin A2 targeting property, can significantly enhance the
toxicity of doxorubicin towards ovarian cancer cells and specifically target annexin A2
overexpression cancer cells /n vivo. This novel cancer cell targeted drug delivery system
is promising for enhancing chemical drug efficiency in ovarian cancer treatment in a
targeted manner.
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Figure 1. Characterization of the Endo38-3WJ nanoparticle construction
(a). Primary sequence and secondary structure of Endo28-3WJ nanoparticle predicted by M-

Fold. (b). Native PAGE test of the assembly of Endo28-3WJ nanoparticles. Lane 1 is
ultralow range DNA ladder (Thermo Scientific). (c). Particle size of Endo28-3WJ as
determined by DLS. (d). Zeta potential of Endo28-3WJ nanoparticles measured by DLS. ().
Serum stability assay showed the half-life of Endo28-3WJ in 10% FBS is around 4h, which
was calculated by quantification of the bands in the gel imaged at Ethidium bromide
channel.
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Figure 2. Characterization of the RNA nanoparticle/doxorubicin physical conjugates
(@) Construct of Endo28-3WJ-sph1 RNA nanoparticle with predicted chelating sites for

doxorubicin indicated by red stars. (b) Native PAGE showing the assembly of Endo28-3WJ-
sphl nanoparticles. Lane 1 is 100bp DNA ladder (Thermo Scientific). (c) Fluorescence
spectra of doxorubicin solution (1.4uM) with increasing concentration of RNA
nanoparticles. Insert: A hill plot for the nanoparticle titration (K4= 140nM, 0.1 equivalent of
the RNA nanoparticles). (d) The percentage of doxorubicin released from the nanoparticle
doxorubicin conjugates at 37°C. The doxorubicin concentration was quantified by its
fluorescence intensity in release medium.
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Figure 3. The binding and internalization of Endo28-3WJ to annexin A2 positive cells
(@) Flow cytometry analysis of the binding of Alexags7-labeled Endo28-3WJ nanoparticles

with annexin A2 positive cells (IGROV-1 and SKOV3) and annexin A2 negative cells
(HEK293T). (b) Confocal imaging of the internalization of Alexags7-labeled Endo28-3WJ
to annexin A2 positive cells (IGROV-1 and SKOV-3) and annexin A2 negative cells
(HEK293T).
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b. In vitro doxorubicin delivery after 2 hr incubation
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Figure 4. In vitro delivery of doxorubicin by Endo28-3WJ-Sph1 nanoparticles to cells
Both annexin A2 positive SKOV3 and annexin A2 negative HEK293T cells were tested.

Nanoparticles harboring doxorubicin conjugated with scramble aptamer sequences were
tested as negative controls. The cells were treated with nanoparticles for (a) 8 hrs or (b) 2hrs,
and imaged. The doxorubicin channel is shown as red; cell nuclei stained with DAPI is
shown as blue.
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Figure 5. Cell cytotoxicity assay for Endo28-3WJ-Sph1/Dox intercalates in vitro
(a). Cell cytotoxicity assay with annexin A2 positive SKOV3 cells. With n=3 biological

replicates, statistics were calculated using a two-sided t-test with center values presented as
averages and errors as s.d. p =1.2e-2, 3e-4, 1le-4 comparing Endo28-3WJ-Sph1/Dox to free
doxorubicin; and1.3e-2, 3.2e-2, 1.5e-3 comparing Endo28-3WJ-Sph1/Dox toScr-3WJ-
Sph1/Dox at concentrations of 0.625, 1.250, and 3.000 uM respectively. (b) Cell cytotoxicity

assay with annexin A2 negative HEK293T cells.
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a. Endo28 3WJ PBS b. Endo28-3WJ 3wWJ PBS

Figure 6. Evaluation of the targeting effect of Endo28-3WJ nanoparticles using SKOV3
xenograft mice model

(@) Fluorescence image showing the specific targeting of Alexags7-labeled Endo28-3WJ
nanoparticles in ovarian tumors 6 hr post systemic administration. (b) Histological assay of
the ovarian tumor frozen cross sections (10 pm) by confocal microscopy showing the
binding and entry of Endo28-3WJ nanoparticles to tumor cells. Blue: nuclei; Red: RNA
nanoparticles.
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