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Abstract

Introduction—The functional significance of lost microRNAs has been reported in several
human malignancies, including pancreatic cancer (PC). Our prior work has identified
microRNA-145 (miR-145) as a tumor suppressor microRNA (miRNA) in pancreatic cancer. The
restoration of miR-145 downregulates a number of oncogenes including mucin MUC13, a
transmembrane glycoprotein that is aberrantly expressed in pancreatic cancer, thus efficiently
inhibiting tumor growth in mice. However, lack of an effective tumor specific delivery system
remains an unmet clinical challenge for successful translation of microRNAs.

Methods—We developed a miRNA-145 based magnetic nanoparticle formulation (miR-145-
MNPF) and assessed its anti-cancer efficacy. Physico-chemical characterization, (DLS; Dynamic
light scattering, TEM; Transmission electron microscopy, miR binding efficiency), cellular
internalization (Prussian blue, confocal microscopy), miR-145 restitution potential (QRT-PCR) and
anti-cancer efficacy (proliferation, colony formation, cell migration, cell invasion assays) of this
formulation were performed using clinically relevant pancreatic cancer cell lines (HPAF-II,
AsPC-1).
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Results—miR-145-MNP formulation exhibited optimal particle size and zeta potential which
effectively internalized and restituted miR-145 in pancreatic cancer cells. miR-145 re-expression
resulted in downregulation of MUC13, HER2, pAKT and inhibition of cell proliferation,
clonogenicity, migration, and invasion of pancreatic cancer cells.

Conclusions—miR-145-MNP formulation is an efficient system for miR-145 delivery and
restitution in pancreas cancer that may offer a potential therapeutic treatment for PC either alone,
or in conjunction with conventional treatment.
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Introduction

Pancreatic cancer remains a highly lethal human malignancy due to a failure of effective
adjuvant therapies 1. MicroRNAs (miRNA) are small noncoding RNAs that regulate
multiple biological pathways during cancer development and progression and serve as tumor
suppressors or oncogenes. The inhibition of oncogenic microRNAs using anti-miRs and
restitution of tumor suppressor microRNAs via miRNA mimics represent a powerful
therapeutic strategy in cancer treatment 2 3. Prior work from our lab and that of others have
demonstrated the tumor suppressor role of miR-145 in pancreatic cancer 47, Our study has
shown that miR-145 targets a newly identified transmembrane glycoprotein, MUC13 that is
aberrantly expressed in pancreatic cancer and modulates its associated targets, such as
HER2, pAKTSe™73 and p53 4. Its restoration inhibits MUC13 levels and suppressed tumor
growth in pancreatic cancer xenograft mice model 4. Although studies provide compelling
evidence for miR-145 involvement in the inhibition of pancreatic cancer, the impact of its
sustained release has not been established. Obstacles to the successful and efficient delivery
of microRNAs for therapy have yet to be overcome.

Magnetic nanoparticle formulations for drug delivery have previously been generated but
due to the high particle size in suspension, loss of magnetization and inefficient
internalization in the target cells resulted in poor therapeutic efficacy for cancer treatment 8.
Recently, we have engineered a unique magnetic nanoparticle (MNP) based system for
gene(s) and drug(s) delivery applications 8-10. We have previously demonstrated that our
uniquely engineered MNPs are capable of targeting pancreatic tumors efficiently with the
help of the “Enhanced Permeation and Retention” (EPR) effect @ leading to increased
cellular uptake and internalization of MNPs in cancer cells. EPR effect is a unique
phenomenon of tumors based on their pathophysiological differences from normal tissues,
particles of certain sizes are capable of accruing and retaining selectively in tumor tissues
but not in normal tissue. Additionally, these MNPs have shown enhanced MRI properties
(compared to conventional MNPs) 10, Polyethylenimines (PEIs) are linear or branched
polymers being partially protonated under physiological conditions, that easily form
complexes with nucleic acids 1. PEIs have previously been shown to be excellent delivery
vehicles for DNA plasmids and other DNA or RNA molecules including ribozymes and
siRNAs 11, The purpose of this study was to generate a miRNA-145 loaded magnetic
nanoparticle system utilizing our recently engineered MNPs and assess the efficacy of this
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formulation for miR-145 restitution and its role in the potential treatment of pancreatic
cancer.

Materials and Methods

Culture of pancreatic cancer cells

Human pancreatic cancer cells, HPAF-I1 and AsPC-1 were purchased from American Type
Cell Culture (ATCC; Manassas, VA, USA) and cultured using cell specific culture media,
F12/DMEM and RPMI (HyClone Laboratories, Inc. South Logan, Utah, USA), respectively,
which was supplemented with 10% fetal bovine serum (Atlanta Biologicals, GA, USA) and
antibiotic/antimycotic solution at 37 °C in a humidified atmosphere (5% CO2 and 95% air
atmosphere). Cells were routinely tested for mycoplasma every six months.

Chemicals, reagents, microRNA mimics and antibodies

All chemicals and reagents were purchased from Sigma Adrich Corporation (St. Louis, MO,
USA) and cell culture wares were purchased from Corning life sciences (Tewksbury MA,
USA). Non-targeting control (catalog number: AM17111) and miR-145 mimics (catalog
number: 4464066), Tagman miR-145 probes (Assay id: 002278), High Capacity cDNA
Reverse Transcription kit (catalog number: 4368814) and TRIzol reagent (catalog number:
AM 9738) were purchased from Life technologies (Carlsbad, CA, USA). The primary
antibodies, anti-HER2 (catalog number: 2165S), pAKTSe73 (catalog number: 9271) and
anti-p53 (catalog number: 2527) were purchased from Cell Signaling (Danvers, MA, USA)
and anti-p—actin (catalog number: A5316) was purchased from Sigma (St. Louis, MO,
USA).

Preparation of miR-145-MNPF formulation

Iron oxide nanoparticles were prepared by the co-precipitation using Fe2* (300 mg) and
Fe3* (800 mg) ions in the molar ratio ~ 1:2 as described previously °. Briefly, 200 mg of p-
cyclodextrin (B-CD) was added to the solution and stirred for 10 mins at 500 rpm. 250 mg of
Pluronic F-127 was added to the suspension and stirred overnight followed by washing the
particles thrice and re-suspending in water. In this study, we used PEI for the purpose of
miR-145 delivery as these polycationic polymers form non-covalent complexes with nucleic
acids and aid in efficient gene delivery 12. In order to form a uniform layer, 100 mg PEI was
added to the MNP suspension and stirred overnight. These MNP-PEI nanoparticles are
stored and loaded with microRNA mimics just prior to treatment of the cells. 200 nM of
non-targeting experimental control (NC) or miR-145 mimics were incubated with 1ug/ml of
MNP-PEI nanoparticles in 0.9% Nacl for 30 min to form NC-MNPF (non-targeting control-
MNP formulation) and miR-145-MNPF (miR-145-MNP formulation) complex 8.

Particle size and zeta potential

The hydrodynamic nanoparticle size and zeta (C) potential of miR-145-MNPF were
determined by the dynamic light scattering (DLS) principle using Zetasizer (Nano ZS,
Malvern Instruments, Malvern, UK). To measure the particle size 25 pL of 1 mg/ml
nanoparticle suspension was added to 3 ml of water and probe sonicated using VirSonic
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Ultrasonic Cell Disrupter 100 128 (VirTis, Gardiner, NY) for 30 seconds. For C-potential
measurement, the same diluted particle suspension were used.

Transmission electron microscopy

The size and morphology of magnetic miR-145-MNPF were determined by JEOL 200EX
transmission electron microscopy (TEM) (JEOL Ltd, Tokyo, Japan) operating at 60 kV. 100
ug/ml nanoparticle suspension was prepared and probe sonicated for 30 sec. 200 mesh
formvar-coated copper TEM grid (grid size: 97 pm; Ted Pella Inc, Redding, CA, USA) was
used to prepare samples by carefully placing the nanoparticle suspension (20 ul) on the dark
side of grid. The excess amount of formulation was removed by filter paper and the grid was
allowed to air dry followed by imaging.

Gel retardation assay

The complex formation of MNPs with miR-145 was determined by the gel retardation assay
using MNPs and miR-145 at different ratios. 1-10 pg of MNPF was incubated for 30
minutes with 100 nM of miR-145 mimic. Gel electrophoresis was performed using 2%
agarose gel that was allowed to run for 1 hour at different time intervals and photographed
the gel to check the particle movement as described earlier 13.

Cellular treatment with MNPF

HPAF-11 and AsPC-1 cells were seeded in 24 well plates at 60 — 70% confluency. Cells were
treated with experimental controls (MNPs, NC-MNPF) or miR-145-MNPF and incubated up
to 48 hours. After 48 hours of transfection, cells were used to investigate the functional
effects of transfection on proliferation, migration and invasion.

Cellular uptake

Prussian blue staining was used to determine the cellular uptake of MNP formulations in the
pancreatic cancer cells. Cells were seeded in 24 well plate followed by transfection with
NC-MNPF and miR-145-MNPF. After 24 hours, Prussian blue staining reagent was added to
the cells. After 30 min the cells were washed with PBS and the images were captured using
phase contrast microscopy to determine the uptake of iron particle inside the cells 0.

Proliferation assay

Cell proliferation assay was performed to investigate the effect of miR-145-MNPF by using
the Cell Counting Kit-8 (Mayflower Bioscience) and a microplate reader (Cytation 3,
BioTek, Winooski, VT, USA), as described earlier 14, Briefly, pancreatic cancer cells
(5x103/ well) were seeded in 96 well plate and allowed overnight followed by treatment
with MNPF, NC-MNPF, miR-145-MNPF and incubation for 48 hrs at 37 °C. The anti-
proliferative effect of each treatment was calculated as a percentage of cell growth with
respect to the control (NC-MNPF) &,

Additionally, cell viability assay was performed in HPAF-11 and AsPC-1 cells after treatment
with NC-MNPF and miR-145-MNPF. Following 48 hours of treatment, cells were
trypsinized and counted in triplicates, using cell countess equipment (Invitrogen). Data were
plotted as a percentage of cell growth with respect to the control (NC-MNPF).
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qPCR of miR-145

Following transfection of cells with NC-MNPF and miR-145-MNPF, total RNA was
extracted using TRIzol reagent. RNA was quantified using Nanodrop instrument 2000
(Thermo Scientific). 50 ng of RNA reverse transcribed into cDNA using specific RT primers
for miR-145 and High Capacity cDNA Reverse Transcription kit. The changes in the
expression level of miR-145 was determined by real-time polymerase chain reaction using
Tagman PCR master mixture and Tagman probes. RNUB6 was used as an endogenous
control for the experiment 4.

Clonogenicity assays

Colony formation assay was performed to investigate the effect of miR-145-MNPF on the
colony forming ability of pancreatic cancer cells, as described previously 1°. Briefly, HPAF-
Il and AsPC-1 cells were transfected with MNPF, NC-MNPF and miR-145-MNPF. After
transfection, cells were trypsinized and re-plated (250x10%/ well) in 12 well plate for 2
weeks. Colonies were fixed, stained with crystal violet and photographed. Colonies were
counted manually and plotted as a percent clonogenicity. Control colonies were considered
as 100%.

Cell migration and motility assays

Cell migration was analyzed using scratch assay, as described before 14. Briefly, following
transfection with MNPF, NC-MNPF and miR-145-MNPF, HPAF-II and AsPC-1 cells were
plated to form a monolayer. Cell monolayer was scraped using a micropipette tip and
allowed to incubate and the residual gap length calculated from photomicrographs at the
initial time (Ohr) and after 24hrs.

Cellular motility was determined by agarose bead-based cell motility assay. MNP, NC-
MNPF and miR-145-MNPF transfected cells were trypsinized and mixed with 0.4% low
melting agarose solution. 20pL of cells-agarose solution was placed onto the fibronectin/
BSA coated plate, each agarose bead containing about 20000 to 30000 cells. Then the plate
was placed at 4°C for 7 min to solidify the agarose beads. Complete cell culture media was
added to the wells carefully followed by incubation for 3 to 4 days. The plates were
photographed for migrated cells using phase contrast microscope at day 0 and 3 16.

Cell invasion assay

Cell Invasion assay was performed to investigate the effect of miR-145-MNPF on the cells
using BD Biocoat Matrigel Invasion Chambers (BD Biosciences) 14, as per manufacturer’s
protocol. After 48 hours incubation, the invading cells were fixed with methanol and stained
with crystal voilet. The invaded cells were counted and plotted as percent invasion of the
miR-145 treated cells compared to control (MNPF and NC-MNPF).

Real time cell proliferation, migration and invasion assays through XCELLigence system

To further confirm effects of MNPF on cellular growth and motility and invasiveness, real-
time migration, invasion and proliferation assays were performed using the XxCELLigence
system as described earlier 14. xCELLigence system is an electrical impedance-based
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method that allows for the measurement of cell migration, invasion and proliferation in real-
time. Briefly cells (HPAF-11, AsPC-1) were seeded per chamber of cell proliferation (4 x
103) or invasion and migration (4 x 10%) plate and the cells after treatment with miR-145
MNPF or empty MNPF were analyzed in xCELLigence instrument at 37°C, 5% CO, for
real time cell proliferation, migration and invasion assays.

Western blotting

HPAF-II and AsPC-1 cells were transfected with NC-MNPF and miR-145- MNPF. Whole
cell lysate were prepared and Western blotting was performed as described earlier 7.
Expression of protein was analyzed by immunoblotting with specific antibodies, anti-
MUC13 MADb, anti-HER2, pAKTSer 73, anti-p53 and anti-B-actin.

Hemocompatibility assay

To determine the hemocompatibility of miR-145-MNPF, the blood collected from a healthy
donor was used (Biological Specialty Corp; Colmar, PA). The whole blood was centrifuged
at 2000 rpm for 10min, supernatant discarded and Red blood cells (RBCs) were collected for
hemolysis assay. The RBCs were re-suspended in 10 ml of PBS and 100 pl of cell
suspension was treated with different concentrations of MNPF followed by incubation for 2
hrs at 37 °C. PBS and sodium dodecy! sulfate (SDS) were used as negative and positive
experimental controls, respectively. After incubation, the treated cells were centrifuged and
degree of hemolysis was analyzed in the collected supernatant using spectrophotometer
(Cytation 3, BioTek) at Amax 570 nm 8.

Statistical analysis

Results

The data were processed using Microsoft Excel and presented as meanzstandard error of the
mean (SEM). Statistical significance of the data was performed by a Student’s t test. The
level of significance was set at *p < 0.05.

Generation of miR-145-MNP nanoformulation

The miR-145-MNPF was formulated as depicted in figure 1a and described earlier® 9. PEI
was used as a cationic polymer to increase the surface attachment of miR-145. Particle size
and charge were identified by dynamic light scattering method. Optimal particle size (163
nm in DLS and 8-10 nm in TEM) and surface charge (30 mV) were determined for
miR-145-MNPF (Fig. 1b—d). Additionally, we observed the complex formation of miR-145
with MNPs as seen in lane 5 and the complexation was further increased in lanes 6-9 with
increase in the concentration of MNP (2-10 ug) (Fig. 1e). This indicated a complete
retardation of mobility of the complexes formed, as visualized by reduced band intensity on
complexation of miR-145 with MNPF (Fig. 1e).

miR-145-MNPF is less toxic and hemocompatible

To establish the potential clinical utility of any nanoformulation, evaluation of its general
toxicity and hemocompatibility is utmost important. Therefore, we sought to determine the
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toxicity of our delivery system (MNPF) and compared it with lipofectamine (Life
technologies), the commonly used transfection reagent for nucleic acid delivery in a cell
culture system. Treatment of human red blood cells with different concentrations of MNPF
or lipofectamine indicated less or no toxicity of MNPF in RBCs, even at higher
concentrations while lipofectamine was quite toxic as determined by spectroscopic analysis
at Amax 570 nm (Fig. 2a and b). Additionally, pancreatic cancer cells were treated with
different concentrations of MNPF or lipofectamine for 48 hours to determine toxicity
profile. Spectrophotometric analysis indicated that empty MNPF was not toxic to cancer
cells whereas, lipofectamine showed significant toxicity (Fig. 2c). This data suggests that the
MNPF is hemocompatible and PEI conjugation to MNP does not make the formulation toxic
confirming that our MNPF is a safe delivery system for pre-clinical and clinical applications.

miR-145-MNPF effectively internalizes and restores miR-145 in pancreatic cancer cells

Effective internalization of particle into the cell or intracellular uptake of particle is a key
factor to determine the therapeutic efficacy of a nanoparticle formulation. We investigated
the cellular uptake/internalization and delivery efficacy of our miR-145-MNPF into the
pancreatic cancer cells. Prussian blue staining of HPAF-I1 cells that were treated with NC-
MNPF and miR-145-MNPF, demonstrate the efficient cellular uptake of the MNP
formulations (Fig. 3a). Cellular internalization was also confirmed through Coumarin-6 dye
loaded MNPs through confocal microscopy analysis (Fig. 3b). Coumarin-6-loaded MNPs
efficiently internalized as indicated by high cytosolic staining and strong co-localization to
the mitochondrial marker, mitotracker. Less co-localization of MNPs with early endosome
and late endosome/lysosome markers indicated their escape from lysosomal degradation.
Therefore, increased accumulation of MNPs was observed in mitochondria. This indicates
that MNPs are able to escape from late endosome and lysosome compartments and reach
into the cytosol/mitochondria for efficient functioning rather than undergoing a lysosome
recycling process.

These findings are consistent with our previously published studies with drug loaded

MNPs 9 10, The internalization of NC-miR-145 or miR-145-MNPF was almost equal to the
MNP and that the miR-145 loading to MNPs did not affect the cellular uptake of these
particles into the pancreatic cancer cells.

The expression level of miR-145 was assessed in HPAF-11 and AsPC-1 cells that were
treated with miR-145-MNPF by quantitative reverse-transcription PCR (qRT-PCR) assay
(Fig. 3c). miR-145 expression was increased about 19 and 4 folds in AsPC-1 and HPAF-II
cells, respectively, as compared to control groups (NC-MNPF). These results suggest that
miR-145-MNPF can effectively deliver and restitute miR-145 into pancreatic cancer cells.

miR-145-MNPF inhibits tumorigenic features of pancreatic cancer cells

To investigate the effect of miR-145-MNPF on cell growth we performed cell proliferation
and viability assays. Results demonstrated that miR-145-MNPF inhibited cell proliferation
both in HPAF-II and AsPC-1 cells as compared to NC-MNPF treated cells (Fig. 4a). We
further determined the effect of miR-145-MNPF on cell viability by counting the cells using
Cell countess (Invitrogen) (Fig. 4b). It was observed that miR-145-MNPF treated cells
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showed significantly decreased cellular viability (HPAF-I1: 72 % and AsPC-1: 26 %)
compared to the control (NC-MNPF) treated cells (Fig. 4b). We also studied the phenotypic
changes occurring in pancreatic cancer cells on restoration of miR-145. The cells treated
with miR-145-MNPF showed apparent change in morphology compared to control and NC-
MNPF (Fig. 4c). Cells treated with miR-145-MNPF appeared relatively more circular in
shape, loosely attached and grew in smaller patches. The effect of MNPF on cell
proliferation was also confirmed in real time using XxCELLigence system (Fig. 4d) which
showed a similar growth inhibitory pattern. However, we observed slightly lower effect in
AsPC-1 cells compared to HPAF-II cells at the same time point. Additionally, the results
demonstrate that miR-145-MNPF markedly decreases clonogenicity in HPAF-11 and AsPC-1
cells (by 77% and 59% respectively), compared to NC-MNPF treated cells (Fig. 4e).
Altogether, these results clearly suggest that the miR-145-MNPF successfully delivers
miR-145 into the cells which leads to the inhibition of cell proliferation, morphology and
colony forming ability in pancreatic cancer cells.

miR-145-MNPF mediated delivery of miR-145 inhibits metastatic phenotypes of pancreatic

cancer cells

To determine effects of miR-145-MNPF on metastatic characteristics of pancreatic cancer
cells, cell migration and invasion assays were performed using HPFA-II and AsPC-1 cells.
Matrigel invasion assay indicated inhibitory effects of miR-145-MNPF on the invasiveness
of HPAF-II (80 %) and AsPC-1 (76 %) cells (Fig. 5a and b). Additionally, we investigated
the effect of miR-145-MNPF on the cellular motility and migration in pancreatic cancer
cells using wound healing and agarose bead assays (Fig. 6a and b). miR-145-MNPF
demonstrated a significant inhibition of the cell migratory potential of HPAF-11 and AsPC-1
cells both in agarose bead and wound healing assays as compared to control (NC-MNPF)
treated cells. The effect of MNPF on cell migration and cell invasion was also confirmed in
real time using XxCELLigence system (Fig. 6¢). This assay also showed a similar inhibitory
effects on cell migration and cell invasion capability of aforementioned cells (Fig. 6c).

miR-145-MNPF targets MUC13 and regulates its downstream oncogenic signaling cascade

Considering potent anti-tumorigenic and anti-metastatic potential of miR-145-MNPF in
functional assays, we sought to investigate its putative inhibitory molecular mechanisms.
Thus, we evaluated the effect of miR-145-MNPF on the expression of MUC13, HER2,
pAKTSer73 and p53 (Fig. 7a, b). Immunoblotting analysis data suggested that miR-145-
MNPF effectively suppressed the expression of MUC13, pAKTSe™73 and HER2 in HPAF-II
and AsPC-1 cells. Contrary to this, however, miR-145-MNPF rescued the p53 expression
levels. These data further validate the ability of miR-145-MNPF to effectively deliver
miR-145 in pancreatic cancer cells accompanying the functional consequences via
repression of its direct target MUC13 (Fig. 7c).

Discussion

This study describes engineering of a recently identified tumor suppressor miR-145% loaded
unigue magnetic nanoparticle formulation (miR-145-MNPF) for efficient delivery of a tumor
suppressor miR-145. Our data demonstrated efficient cellular delivery, uptake/internalization
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capability, restitution of miR-145 and potent anti-cancer effects of this novel miR-145-
MNPF in pancreatic cancer cell line models. Successful delivery of microRNAs is governed
by several processes that include high cellular uptake of the RNA, escape from lysosomal
degradation, non-immunogenicity and stability in the bloodstream. The active routing of the
delivered miRNA to the target organ and its entry into the cell is a determining factor for it
to reach its intracellular target in an active form. For this purpose, generation of newer and
improved delivery systems is highly desirable.

The therapeutic application of miR-145 has been previously evaluated in a xenograft model
of pancreatic cancer 4. A strong reduction in tumor growth was observed in mice receiving
intra-tumoral miR-145 injection compared to the control treated group, which suggested its
therapeutic potential for pancreatic cancer treatment?. We have generated a unique MNP
based delivery vehicle for microRNAs that has been used in our previous studies to deliver
anti-cancer drugs 2 10-8, For the purpose of microRNA delivery, we have further engineered
our magnetic nanoparticles by conjugating them with positively charged, branched PEI
(MNPF). This enabled the surface attachment of miR-145 to the negatively charged MNPs
with reduced toxicity effects of PEI. The use of branched PEI exhibits high transfection
efficiency due to the high cationic charge for efficient gene delivery. The MNPF was found
to be nontoxic and hemocompatible as it did not show any toxicity in RBCs. The probable
reason of the reduced cytotoxicity of the PEI may be due to the presence of a layer of bio-
adhesive material, Pluronic F127 that formulates it to render reduced toxic effects. It has
previously been observed that Pluronic F127-PEI exhibits better condensation and
complexation properties than PEI 18, This strategy seems to provide a promising
intervention of a stable, high transfection efficiency nanocarrier for microRNA delivery.
Additionally, the use of a Pluronic F127 greatly improved the cellular uptake and reduced
aggregation of the particles whereas the layer of B-cyclodextrin serves as a platform for
simultaneous drug loading ® which provides a feasibility to co-deliver a chemotherapy drug
along with the miR-145. We investigated the potential of these nanoparticles to deliver
microRNAS and our results suggest it to be a promising delivery system to restore miR-145
in pancreatic cancer cells.

Our studies demonstrating functional effects on proliferation, invasion and migration, as
observed in our previous studies 4, are as a consequence of miR-145 restoration, suggesting
the efficient delivery of miR-145 due to miR-145-MNPF. The biological functions of a
microRNA are dependent on its interaction with its intracellular target which in the case of
miR-145 is MUC13 in pancreatic cancer. We observed an effective and active routing of
miR-145 into the cell through miR-145-MNPF that was sufficient to successfully deliver it
to its intracellular target in an active form as was depicted by decreased MUC13 expression
in cells. (Fig. 7). This was accompanied by demonstrating functional inhibitory effects on
growth, invasion and motility of cancer cells (Fig. 4, 5 and 6) via inhibiting MUC13
associated oncogenic protein, HER2, pAKTSE™73 and restoring p53 levels (Fig. 7). Our
previous studies demonstrating sustained release of therapeutics from these magnetic
nanoparticles % 10: 8 confirm that miR-145-MNPF will lead to significant and sustained
release of miR-145, generating a prolonged effect on its target protein, MUC13 and
functional effects on proliferation and invasion. Therefore, this magnetic nanoparticle
formulation proves to be an efficient delivery technique for therapeutic intervention.
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Conclusion

Our miR-145 loaded MNP formulation (miR-145-MNPF) efficiently delivers miR-145 and
restores its expression in pancreatic cancer cells. Restitution of miR-145 using miR-MNPF
formulation successfully inhibits its target oncogene, MUC13, thereby, suppressing
tumorigenic and metastatic phenotypes of pancreatic cancer cells. Therefore, this unique
magnetic nanoparticles based formulation can be efficiently used for microRNA replacement
and pancreatic cancer therapy alone or in combination with conventional chemotherapy
drugs. Our future goal is to further enhance the specificity of MNPs towards pancreatic
cancer cells/tissues via active targeting. This will be achieved by conjugating MUC13
monoclonal antibody to the formulation which will route the formulation specifically to
cancer cells having high MUCL13 expression. The results from this study offer a new
therapeutic strategy for pancreatic cancer treatment that warrants further investigation in
future preclinical and clinical studies.
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Fig. 1. Generation of miR-145-MNPF and its physicochemical characterization
a) Schematic representation of the generation of miR-145-MNPF. Co-precipitation of iron

oxide nanoparticles followed by B-cyclodextrin and F127 polymer coatings leads to MNP
nanoformulation (MNPF). Surface modification of MNPF was done with Polyethylenimine
(PEI) and conjugated with miR-145 by incubation in Img/ml MNPF in 0.9% NacCl solution.
b) Average miR-145-MNPF aggregative size is 163 nm) Transmission electron microscopic
(TEM) image of miR-145-MNPF showing individual particle size of 8-10 nm. d) Zeta
potential of miR-145-MNPF 30.63 mV. e) Gel retardation assay by agarose gel
electrophoresis showing the formation of a complex between MNPF and miR-145 through
electrostatic interaction. Complex formation is seen in the lane 5 and the complexation
further increases in the lanes 6-9 with the increase in the concentration of MNP (2-10 pg).

J Gastrointest Surg. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Setua et al. Page 13

B SDS PBS MNPF Lipofectamine
Red blood cells
b
15 .
120 » I MNPF
10 I Lipofectamine
100 +
% 80 5
E 60 -
= 25 5 10 20 50 100
= 40
20 - Z
0 ot ot oot e il o
SDS PBS 2.5 5 10 20 50 100
Concentration (ug/ml)
C
100 4 i Lipofectamine
g 80 +
&
= 60 9
-
A 40 4
s~
20 1
0 -
0 2.5 S 10 20 S0 100
Concentration (ug/ml)

Fig. 2. Evaluation of hemocompatibility and toxicity using RBCs and HPAF-I1 cells
Hemolysis was performed by incubating MNPF in red blood cells for two hours. a) Images

showing the effect of MNPF and lipofectamine on RBCs. b) Cells were centrifuged and
supernatant collected for analysis. PBS and SDS were taken as negative and positive
controls, respectively. ¢) Toxicity of MNPF and lipofectamine was compared in pancreatic
cancer cells, HPAF-I1 using cell proliferation assay.
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Fig. 3. Restitution of miR-145 in pancreatic cancer cells using miR-145-MNPF
a) Cellular uptake of miR-145-MNPF was determined by Prussian blue staining. Pancreatic

cancer cells were seeded and treated with MNPF, NC-MNPF, miR-145-MNPF. After 24
hours, cells were stained with Prussian blue reagent and photographed under phase contrast
microscopy (Original Magnifications 100X. b) Determination of fate and subcellular
localization of Coumarin-6 dye (green color) labelled MNPF nanoformulation (Original
Magnifications 400X). HPAF-I1 pancreatic cancer cells (1x10°/well) were exposed to
Coumarin-6 labelled MNPF for 1 h. Cells were stained with Transferrin from Human
Serum, Texas Red® Conjugate, LysoTracker Red and Mito Tracker Red, as markers for
endosome, lysosome, and mitochondria, respectively. Green color indicated uptake of
Coumarin-6 labelled MNPF and yellow color indicated co-localization of Coumarin-6
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labelled MNPF in endosome, lysosome and mitochondria. ¢) miR-145 restoration in cells
was confirmed using Tagman probes by g-PCR. Expression level of miR-145 was observed
in cells after 48 hours of transfection. Results represented as fold increase of miR-145 in
comparison with NC-MNPF. Bars represent mean + SEM, n=3, */<0.05.
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Fig. 4. miR-145 restoration using miR-145-MNPF inhibits proliferation and colonogenicity in
pancreatic cancer cells

a) Effect of miR-145-MNPF on cell growth and proliferation was performed using cell
counting Kit-8 in HPAF-I1 and AsPC-1 cells. b) Effect of miR-145-MNPF on cell viability
by counting the cells using Cell Countess in HPAF-11 and AsPC-1 cells. ¢) Representative
images of cells morphology after treated with miR-145-MNPF for 48 h using phase contrast
microscopy. d) Effect of miR-145-MNPF treatment on cell proliferation with respect to time
(h) was also confirmed by xCELLigence RTCA. e) HPAF-11 and AsPC-1 cells were treated
with miR-145-MNPF and incubated for 12 days for investigating the colony forming ability
of the cells. Colonies were counted and plotted as percent colonogenicity. Percent inhibition
of clonogenicity of miR-145-MNPF transfected cells as compared with NC-MNPF. Bars
represent mean £ SEM, n=3,*/<0.05.
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Fig. 5. Effect of miR-145-MNPF on cellular invasion in pancreatic cancer cells
a) Matrigel Invasion Assay. Cells treated with MNPF, NC-MNPF and miR-145-MNPF were

plated into the top chamber of the well in serum free media with a Matrigel-coated
membrane. 10% FBS was added to the lower chamber as a chemoattractant. After 48 hours
of incubation, invaded cells were identified by crystal violet staining followed by imaging.
b) Data represented as percent inhibition of invasion of miR-145-MNPF transfected cells as
compared with MNPF. c) Effect of miR-145-MNPF on cellular invasion ability was
confirmed using XCEL Ligence system. Bars represent mean + SEM, n=3, */<0.05.
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Fig 6. Effect of miR-145-MNPF on cell migration ability of pancreatic cancer cells
a) Cell scratch assay. HPAF-I1 and AsPC-1 cells treated with MNP-NC and miR-145-

MNPF were seeded overnight followed by scratch. The scratch was monitored for closure
following MNP-NC or miR-145-MNP treatment which was followed by photographing at
24 h. b) Agarose Bead Assay. HPAF-11 and AsPC-1 cells were mixed into agarose solution
and 20 ul dropped onto fibronectin/bovine serum albumin coated plates. Number of
migratory cells (MC) from agarose beads (AB) were photographed (day 0 and day 3) and
quantified by counting the MC cells compared to control. c) Effect of miR-145-MNPF on
cell migration ability was confirmed using xCELLigence system. Bars represent mean +
SEM, n=3, */<0.05.
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Fig. 7. Effect of miR-145-MNPF on MUC13 and its associated targets
a) HPAF-II and AsPC-1 was treated with NC-MNPF or miR-145-MNPF. Whole cell lysate

were immunoblotted for MUC13, HER2, pAKTSe"473 and p53 proteins. B-actin was used as
a loading control. b) Bars represent the densitometric analysis of the blots by GelQuant.
Bars represent mean + SEM, n=3, */<0.05. ¢) Schematic representation illustrating the
effects of miR-145 restitution using miR-145-MNPF.
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