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Abstract

RNA interference techniques represent a promising strategy for therapeutic applications. In
addition to small interfering RNA-based approaches, which have been widely studied and
translated into clinical investigations, microRNA-based approaches are attractive owing to their
“one hit, multiple targets” concept. To overcome challenges with in vivo delivery of microRNAs
related to stability, cellular uptake, and specific delivery, our group has developed and
characterized chitosan nanoparticles for nucleotide delivery. This platform allows for robust target
modulation and antitumor activity following intravenous administration.
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1 Introduction

The discovery of RNA interference (RNAI) has rapidly led to unique opportunities for the
treatment of many diseases, including cancer [1, 2]. RNAI techniques represent a continuum
of specific approaches for mMRNA degradation, resulting in inhibition of gene expression [3].
Small interfering RNAs (siRNAs) and microRNAs (miRNASs) are small RNA molecules
most frequently used for RNAi-based therapeutic applications [4].

siRNAs are exogenous double-stranded RNAs of about 20-22 nucleotides that are
incorporated into RNA-induced silencing complex (RISC). SiRNA loaded into RISC is
cleaved by argonaute-2 protein found in RISC, leading to the degradation of the “passenger
strand” and activation of RISC with the “guide strand.” Eventually, this activated RISC with
single-stranded guide RNA provides recognition of target mRNA through inter-molecular
base pairing followed by degradation of the guide RNA. RISC can be recycled and
implement numerous cleavage events [5]. The knockdown of a specific target mMRNA is
achieved through full complementation of siRNA to its target mRNA.

miRNAs are endogenous RNA molecules of about 22 nucleotides that are formed by
cleavage of long primary precursors (pre-miRNAs) by Dicer. miRNAs are incorporated into
RISC and bind to the 3" untranslated regions of target mMRNAs. This binding leads to either
the destruction of target mMRNA or translational repression [6, 7]. Unlike siRNA, miRNA
regulates the expression of multiple targets owing to its partial complementation to the
untranslated region in target MRNA [8]. Given the fact that the majority of oncogenes are
undruggable with present strategies such as small-molecule inhibitors and monoclonal
antibodies [9-11], new therapeutic approaches are needed for clinical translation. Therefore,
both siRNA and miRNA have tremendous potential as therapeutic agents for multiple
diseases through downregulation of the associated genes and their mMRNA transcripts.

However, several challenges have to be overcome for successful clinical translation of these
therapeutic agents. Susceptibility of RNAs to degradation by nucleases can hinder the RNAs
from reaching the cytoplasm of target cells. Additional challenges such as stability, poor
cellular uptake, or nonspecific delivery of RNAi molecules also must be addressed. The
initial criteria in developing an ideal delivery system is the selection of material that is
biocompatible, biodegradable, nonimmunogenic, and nontoxic. Several viral or other
transfection vectors and carriers such as liposomes, polymeric nanoparticles, iron oxide
nanoparticles, carbon nanotubes, and dendrimers have been developed to overcome these
issues [12, 13].

Among the various options, chitosan (CH) is a particularly attractive option owing to its low
immunogenicity, low toxicity, and biocompatibility [14]. CH is a natural polysaccharide that
consists of repeated glucosamine and A-acetyl-glucosamine residues. It is derived from
partial deacetylation of chitin, which is abundant in crustacean shells [15]. The cationic
nature of CH enables easy and fast complex formation with negatively charged siRNA or
miRNA [16], which increases the incorporation efficiency of the payload. In addition, the
hydroxyl and amino groups of CH allow for chemical conjugation of specific ligands
tailored for targeted therapy [17]. For instance, our group modified CH particles with an
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Arg-Gly-Asp (RGD) peptide via a thiolation reaction and showed that these RGD-CH-
siRNA nanoparticles significantly enhanced selective intratumoral delivery in orthotopic
animal models of ovarian cancer [18].

We have demonstrated several applications of SIRNA/miRNA delivery using CH
nanoparticles [19-26]. To assess in vivo miRNA delivery of CH nanoparticles into
endothelial cells, we incorporated Cy3-labeled control miRNA into CH nanoparticles and
delivered them intravenously into nude tumor-bearing mice. Forty-eight hours after delivery,
mice were sacrificed and endothelial cells were assessed for colocalization of Cy3 signal.
The results demonstrated endothelial and periendothelial miRNA localization in HeyA8
tumors [27].

In a recent study, we showed that CH-mediated delivery of miR-34a, a tumor-suppressive
miRNA that downregulates multiple gene products involved in prostate cancer progression
and metastasis, inhibited tumor growth and preserved bone integrity in a xenograft model
representative of established prostate cancer bone metastasis [28]. To determine whether CH
could deliver siRNAs to the tumor tissue preferentially, we incorporated Cy5.5-labeled
siRNA into CH nanoparticles and administered the carriers intravenously to the mice that
had been injected with PC3MM2-LG cells in the femur. An increase in Cy5.5 siRNA signal
intensity was observed in the femur with the tumor compared with the femur without the
tumor 3 days after siRNA delivery, suggesting that CH-incorporated siRNA was specifically
delivered to the tumor tissue. Taken together, these experiments demonstrated that CH
nanoparticles can accumulate in tumor tissues after intravenous administration and that
miR-34a-CH nanoparticles significantly decrease prostate tumor growth in the bone.

The present chapter clarifies the experimental approaches and methods required to better
understand the studies mentioned above. We detail the preparation of CH nanoparticles that
were used for in vivo delivery of non-coding RNA. Cell preparation for in vivo injection, the
administration, and the in vivo imaging techniques of nanocarriers are delineated. Next, we
describe how the in vivo delivery is validated by in situ hybridization. Finally,
immunoblotting and immunofluorescence, the procedures required to confirm the miR-34a
functionality, are provided.

2 Materials

2.1 Cell Culture

1 Dulbecco’s Modified of Eagle’s Medium (DMEM)/Ham’s F12 50/50 Mix
(Invitrogen or Sigma-Aldrich).

2. Fetal bovine serum (FBS; Invitrogen).
3. Penicillin-streptomycin solution, 100x (Corning).

4, Trypsin-EDTA solution, 0.25%, sterile, filtered, suitable for cell culture, 2.5 g
porcine trypsin, and 0.2 g EDTA. (Sigma-Aldrich).

5. Hank’s Balanced Salt Solution (HBSS; Thermo Scientific).
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2.2 Preparation of CH-miRNA or CH-siRNA Nanoparticles

1

2.3 Immunoblotting
1

2
3
4,
5

10.
11.

12.
13.
14.
15.

16.

Chitosan, low molecular weight, deacetylated chitin, poly (p-glucosamine)
(Sigma-Aldrich).

Glacial acetic acid (Sigma-Aldrich).
Sodium tripolyphosphate (TPP; Sigma-Aldrich).

Molecular biology grade water (Lonza).

RIPA Lysis and Extraction Buffer (Thermo Scientific).
Protease inhibitor cocktail (Sigma-Aldrich).
Phosphatase inhibitor cocktail (Sigma-Aldrich).
Bicinchoninic acid assay kit (BCA; Thermo Scientific).

Laemmli buffer: 1.2 g SDS, 6 mg bromophenol blue, 4.7 mL glycerol, 1.2 mL
Tris 0.5 M, and 2.1 mL distilled water; after everything is dissolved, add 0.93 g
DTT, then aliquot and keep frozen at —20 °C.

Running buffer: for 10x stock, dissolve 30 g Tris-base and 144 g glycine in 1 L
distilled water; for use, dilute to 1x by adding 100 mL stock and 10 mL 10%
SDS to 890 mL distilled water for use.

Ready-to-use TGX gels.

Transfer buffer: for 10x stock, dissolve 30 g Tris-base and 144 g glycine in 1 L
distilled water; for use, dilute to 1x by adding 100 mL stock and add 200 mL
methanol to 700 mL distilled water.

Polyvinylidene difluoride (PVDF) membrane (Thermo Scientific).
Nonfat dry milk powder (Sigma-Aldrich).

Tris-buffered saline (TBS): for 10x stock, 31.5 g Tris-HCl and 80 g NaCl in 1 L
distilled water.

TBS-T: add 100 mL 10x TBS and 2 mL Tween 20 (polyox-yethylene-20-
sorbitan monolaurate; Thermo Scientific) to 898 mL distilled water.

Primary antibodies (c-Met and c-Myc from Santa Cruz Biotechnology; AxI from
Cell Signaling, and GAPDH from Millipore).

Secondary antibodies (horseradish peroxidase-conjugated secondary goat anti-
mouse or goat anti-rabbit antibody (Bio-Rad).

HyGLO™ Quick Spray Chemiluminescent HRP Antibody Detection Reagent
(Denville Scientific).

Western Blot stripping buffer (Thermo Scientific).
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2.4 In Situ Hybridization

1

2
3
4
5.
6
7
8
9

10.
11
12.

Xylene.

Ethanol.

Hematoxylin (Harris).

Eosin (Harris).

Proteinase K (Sigma).

Predesigned digoxigenin-labeled miRCURY locked nucleic acid probe (Exigon).
Small nuclear RNA U6 (Exiqon).

Polyclonal anti-digoxigenin antibody (Roche).

Alkaline phosphatase-conjugated secondary antibody (Roche).
4-nitro-blue tetrazolium (Roche).
5-bromo-4-chloro-3’-indolylphosphate (Roche).

Microscope imaging software for quantitative analysis of histological staining
and fluorescence (Nikon NIS Elements).

2.5 Immunofluorescence (Promega DeadEnd TUNEL System)

Phosphate-buffered saline (PBS), 1x without calcium and magnesium (Corning).
Xylene.

Ethanol.

1x antigen retrieval buffer (Dako).

Pap pen.

3% hydrogen peroxide in methanol (Thermo Scientific).

Fish gelatin 4% in PBS (Sigma-Aldrich).

Primary antibody rat anti-mouse CD31 (BD Bioscience).

Secondary antibody Alexa 594 goat anti-rat (Jackson ImmunoResearch).
Paraformaldehyde 4% in PBS (1:4 dilution from 16% stock).

Triton X-100 0.2% in PBS.

Equilibration buffer (in Promega DeadEnd TUNEL Kit).

Nucleotide mix (in Promega DeadEnd TUNEL Kkit).

Terminal Deoxynucleotidyl Transferase (TdT) enzyme (in Promega DeadEnd
TUNEL kit).

2X saline sodium citrate buffer (SSC, diluted from 20X concentrate in Promega
DeadEnd TUNEL Kit).
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16.  Hoechst 33342 mounting media to stain nuclei (Thermo Scientific).

3 Methods
3.1 Gelation of CH with Sodium Tripolyphosphate and RNA

1 Dissolve CH in 0.25% acetic acid to make the final concentration of 2 mg/mL.

2. Mix TPP (0.25% w/v) and RNA (1 pg/pL), then add this mixture to CH solution
with continuous stirring to spontaneously generate the nanoparticles.

3. Incubate the mixture at 4 °C for 40 min.

4. Centrifuge the mixture at 20,817 x gfor 50 min at 4 °C to obtain the RNA/CH

particles.
5. Discard the supernatant.
6. Wash the pellet three times with distilled water to remove unbound chemicals or

miRNA (see Note 1).
7. After three washes, dissolve the pellet in distilled water (5 ug/100 pL) and store
at4 °C.

3.2 Cell Culture

Maintain prostate tumor PC3MM2 cells in 50% Dulbecco modified Eagle medium/50%
Ham F12 supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C in 5% CO,.

3.3 Preparation of Cells for In Vivo Injections

Trypsinize the cells when they are 60-80% confluent.

Centrifuge the trypsinized cells at 290 x g for 5 min at 4 °C (see Note 2).
Wash the cells three times with PBS.

Count the cells with cell counter.

Take one million cells to a new tube and centrifuge at 290 x g.

Discard the supernatant and resuspend the cells in HBSS for each animal.

N o o ~ 0w NP

Inject one million PC3MM2 cells (100 pL) either subcutaneously for the
subcutaneous model or into the femur of nude mice for the metastatic model.

3.4 CH-Non-Coding RNA Treatment In Vivo
3.4.1 CH-miRNA Treatment

1 One week after cell injection, divide the mice into control group and miR-34a
treatment group. Administer control miRNA-encapsulated CH nanoparticles
(control group; 5 ug/100 pL nanoparticles) or miR-34a-encapsulated CH
nanoparticles (treatment group; 5 ug/100 UL nanoparticles) via tail vein injection
every 3 days for both subcutaneous and metastatic models.

2. After 2 weeks, sacrifice the animals and harvest the tumors.
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Fix the tumor either in formalin for paraffin embedding for in situ hybridization
or snap-freeze in liquid nitrogen for Western blot analysis.

3.4.2 Delivery of CH-siRNA Nanoparticles into Bone

1.

3.5 Immunoblotting
1

o o~ W N

~

10.

11.

12.

13.

14.

Ten days after cell injection, administer control sSiRNA-CH or Cy5.5-labeled
siRNA-CH nanoparticles (5 pg/100 pL nanoparticles) via tail vein injection.

Three days after nanoparticle injection, sacrifice the mice.
Harvest the femurs.

Image the femurs using IVIS 200 (see Fig. 1).

Homogenize the snap frozen tumor tissue in RIPA Lysis and Extraction Buffer
plus protease and phosphatase inhibitor cocktails (10 pL from each for 1000 pL
lysis buffer) using homogenizer. Add 200 pL from the mixture onto each tumor
tissue.

Incubate lysate on ice for 30 min, by vortexing every 5 min.
Centrifuge the lysate at 15,294 x g for 20 min at 4 °C.
Transfer the supernatant to a new Eppendorf tube.

Perform protein quantification using the BCA assay Kit.

Adjust an equal amount of protein (15 or 30 pg) for each sample and mix with 25
uL Laemmli sample buffer.

Boil protein and Laemmli sample buffer mixtures at 100 °C for 5 min.

Load the mixtures (25 pL) onto 8% or 12% polyacrylamide gel and transfer onto
a PVDF membrane.

Block the membrane in 5% nonfat dry milk in 1x TBS-T for 1 h at room
temperature.

Probe the membrane with a specific primary antibody (e.g., c-Met, c-Myc, AxI,
and GAPDH) at 1:1000 dilution overnight at 4 °C.

Remove the primary antibody and wash the membrane with TBS-T for 1 h at
room temperature by changing the TBS-T every 15 min.

Re-probe the membrane with horseradish peroxidase-conjugated secondary goat
anti-mouse or goat anti-rabbit antibody for 1 h at 1:2000 dilution at room
temperature.

Remove the secondary antibody and wash the membrane for 1 h at room
temperature, with changing the TBS-T every 15 min.

Remove the TBS-T.

Methods Mol Biol. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Denizli et al.

15.

16.
17.

18.

19.

Page 8
Mix an equal amount (1 mL) of each ECL A and B reagent and add onto the
membrane.
Incubate the membrane in this mixture for 1 min (see Note 3).

Remove the ECL reagent and blot the membrane with paper towel to remove
extra ECL reagent.

Place the membrane into an X-ray film cassette along with a film for a few
minutes.

Strip the membrane for 15 min using stripping buffer and wash with TBS-T for
30 min before probing with another antibody (see Fig. 2).

3.6 In Situ Hybridization

1

Immerse the formalin-fixed, paraffin-embedded tissue sections in xylene in a
Coplin staining jar for 5 min at room temperature for deparaffinization.

Dehydrate the deparaffinized slides by immersing in 100% ethanol for 5 min and
rehydrate in decreasing concentrations of ethanol (95%, 85%, 70%, and 50%) for
3 min each.

Stain one slide from each group (control and miR-34a) with hematoxylin and
eosin to validate the integrity of the tissues.

Digest two tissue sections from each group (control and miR-34a) with 10 pg/mL
proteinase K for 10 min at room temperature and load onto the Ventana
Discovery Ultra system.

Hybridize one of the tissue slides from each group with the double digoxigenin-
labeled miRCURY locked nucleic acid probe designed for control miRNA or
miR-34a for 2 h at 50 °C.

Use small nuclear RNA U6 as endogenous control.

Detect the digoxigenins with a polyclonal anti-digoxigenin antibody and alkaline
phosphatase-conjugated secondary antibody using nitro-blue tetrazolium and 5-
bromo-4-chloro-3’-indolyphosphate as the substrate.

Measure the intensities for ten areas from each slide with a microscope imaging
software and compute the mean (see Fig. 3).

3.7 Immunofluorescence

1

Immerse paraffin-embedded sections in xylene in a Coplin staining jar for 5 min
at room temperature for deparaffinization. For frozen sections, fix the sections
with cold acetone for 10 min and then continue from step 7.

Dehydrate the deparaffinized slides by immersing in 100% ethanol for 5 min and
rehydrate in decreasing concentrations of ethanol (95%, 85%, 70%, and 50%) for
3 min each.

Perform antigen retrieval with 1x Dako antigen retrieval buffer.
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Wash with PBS three times for 3 min each.

Separate the slides individually, align on a slide holder placed on a humidified
chamber. Draw a circle around the tissue with a Pap pen (see Note 4).

Block endogenous peroxidases by incubating the slides in 0.3% hydrogen
peroxide in PBS for 3-5 min at room temperature.

Incubate the tissue sections with protein block (4% fish gelatin in PBS) for 20
min at room temperature.

Remove protein block and add rat anti-mouse CD31 antibody (1:500 diluted in
4% fish gelatin), incubate overnight at 4 °C.

Wash with PBS three times for 3 min and incubate with protein block for 5 min.

Remove protein blocking solution and add Alexa 594 goat anti-rat secondary
antibody (Jacskon ImmunoResearch, 1:800 diluted in 4% fish gelatin), incubate
1 h at room temperature.

Wash with PBS three times for 3 min each.

Fix the tissue sections by adding 4% paraformaldehyde in PBS on the slides and
incubating for 20 min at room temperature.

Incubate the tissues in 0.2% Triton X-100 in PBS for 15 min at room
temperature.

Add equilibration buffer (in Promega kit) on tissue sections and incubate for 10
min at room temperature.

Prepare TUNEL incubation buffer by mixing 45 pL equilibration buffer, 5 pL
nucleotide mix, and 1 uL TdT enzyme for each slide. Incubate the slides with the
buffer for 1 h at 37 °C in the dark.

To terminate the reactions, wash the slides in 2x SSC for 15 min at room
temperature.

Do the counterstaining with Hoechst mounting media and visualize under a
fluorescence microscope (see Fig. 4).

Once CH nanoparticles are reconstituted in water, do not freeze and thaw the
suspension because this process may fracture or rupture the particles. RNA/CH
nanoparticles can be stored at 4 °C until they are used.

Use cells at 60-80% confluence for in vivo injections. Injecting overconfluent
cells may lead to lower tumor take rates.

Rotate the membrane box by hand to make sure that the ECL mixture covers the
membrane.
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4, Try to keep the tissues wet with PBS because letting the tissue dry during the
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Chitosan nanoparticles deliver Cy5.5-labeled siRNA to the tumor tissue preferentially.
Control or Cy5.5-labeled siRNA was administered to the mice with or without a tumor in the
femur and Cy5.5 signal was measured by using IVIS 200. An increase in Cy5.5 signal was
observed in the femur in the tumor group compared with the nontumor group (reproduced

from ref. 28 with permission from Oncotarget)
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Western blot results for Met, Axl, and c-Myc proteins from harvested tumor tissues treated
with control miRNA or miR-34a. Treatment with miR-34a led to downregulation of Met,
Axl, and c-Myc (reproduced from ref. 28 with permission from Oncotarget)
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Fig. 3.

Ingsitu hybridization of miR-34a with small nuclear RNA U6 (snoU6) as endogenous
control. Formalin-fixed, paraffin-embedded slides were stained with hematoxylin and eosin
(H&E) or in situ hybridization was performed by using a double digoxigenin-labeled
miRCURY locked nucleic acid probe designed for control miRNA or miR-34a after a
digestion step with proteinase K. The mean (+ standard deviation) intensities obtained from
ten areas from each slide were measured using the NIS Elements software (reproduced from
ref. 28 with permission from Oncotarget)
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Fig. 4.
Tissue sections were used for immunofluorescence reactions. Tumors treated with control

miRNA and miR-34a were stained by TUNEL (green), CD31 (red), and DAPI (blue). Mean
(z standard deviation) TUNEL-positive cells obtained from ten areas from each slide were
quantified using the ImageJ software. *p < 0.05 (unpaired two-sided two-sample Student’s #
test) compared with control (reproduced from ref. 28 with permission from Oncotarget)
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