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Abstract: MicroRNAs are small (18-22 nucleotide long) noncoding RNAs that play important
roles in biological processes through posttranscriptional regulation of gene expression. Their
aberrant expression and functional significance are reported in several human malignancies,
including pancreatic cancer. Recently, we identified miR-150 as a novel tumor suppressor
microRNA in pancreatic cancer. Furthermore, expression of miR-150 was downregulated in
the majority of tumor cases, suggesting that its restoration could serve as an effective approach
for pancreatic cancer therapy. In the present study, we developed a nanoparticle-based
miR-150 delivery system and tested its therapeutic efficacy in vitro. Using double emulsion
solvent evaporation method, we developed a poly (D,L-lactide-co-glycolide) (PLGA)-based
nanoformulation of miR-150 (miR-150-NF). Polyethyleneimine (a cationic polymer) was incor-
porated in PLGA matrix to increase the encapsulation of miR-150. Physical characterization of
miR-150-NF demonstrated that these nanoparticles had high encapsulation efficiency (~78%)
and exhibited sustained release profile. Treatment of pancreatic cancer cells with miR-150-NF
led to efficient intracellular delivery of miR-150 mimics and caused significant downregula-
tion of its target gene (MUC4) expression. Inhibition of MUC4 correlated with a concomitant
decrease in the expression of its interacting partner, HER2, and repression of its downstream
signaling. Furthermore, treatment of pancreatic cancer cells with miR-150-NF suppressed their
growth, clonogenicity, motility, and invasion. Together, these findings suggest that PLGA-
based nanoformulation could potentially serve as a safe and effective nanovector platform for
miR-150 delivery to pancreatic tumor cells.

Keywords: PLGA nanoparticles, miR-150, MUC4, invasion, migration

Introduction

Pancreatic cancer remains one of the most lethal malignancies in the United States.! The
overall median survival after diagnosis is 2—8 months, and the 5-year survival rate is
only 3%-6%, indicating the ineffectiveness of current treatment approaches.'= It is
estimated that nearly 45,220 Americans were diagnosed with pancreatic malignancy,
and over 38,460 died from this disease during the past year, marking it as the fourth
leading cause of cancer-related death.?* This grim scenario has placed a major emphasis
on the development of novel therapeutic tools for effective management of this dev-
astating malignancy. In this regard, microRNAs (miRNAs or miRs) have emerged as
a novel class of biomolecules that can be exploited clinically, not only as diagnostic
and prognostic biomarkers, but also as novel targets for pancreatic cancer therapy.
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miRNAs are small noncoding gene-regulatory RNAs that
exhibit aberrant expression in several human malignancies,
including pancreatic cancer. miRNAs play important roles
in cancer initiation, progression, metastasis, and therapeu-
tic resistance through downregulation of pathologically
relevant gene targets.*’ Hence, inhibition of overexpressed
oncogenic miRNAs or restitution of downregulated tumor-
suppressor miRNAs in cancer cells could provide new
therapeutic avenues to treat cancer. Recently, we identified
miR-150 as a novel, tumor suppressor miRNA in pancreatic
cancer.® Expression of miR-150 was downregulated in the
majority of pancreatic tumor cases, suggesting its restoration
could serve as an effective approach for therapy. However,
the physicochemical characteristics of miRNAs — namely
anionic charge, hydrophilic nature, sensitivity to nuclease
degradation in plasma, and inefficient uptake by tumor cells —
are major hurdles in achieving their cellular restoration by
exogenous means.”!” Therefore, the application of miRNAs
as potential therapeutic agents requires delivery approaches
that protect the miRNAs from nucleases and enhance uptake
of the miRNAs by the tumor cells.

Two types of gene delivery systems, viral and nonviral,
have been developed.''> The advantage of using viral vec-
tors is their high transduction efficiency resulting in efficient
delivery of the genetic material into the target cells.” How-
ever, the use of viral gene delivery systems is limited by
their inherent immunogenicity, low loading capacity, and
other quality control issues.!'""'*!> On the other hand, nonviral
vectors (liposomes, polymer-based systems, and organic or
inorganic nanoparticles) are safer for human use, albeit with
lower delivery effectiveness.'®!? In this study, we investi-
gated poly (D,L-lactide-co-glycolide) (PLGA)-based nano-
formulation for the delivery of miR-150 to pancreatic cancer
cells in vitro. PLGA is a biodegradable and biocompatible
polymer and has already been approved by United States
Food and Drug Administration for human use.?*?! Our studies
show that miR-150-loaded nanoformulation (miR-150-NF)
resulted in efficient intracellular delivery of miR-150, potent
inhibition of its target gene (MUC4), and associated changes
in signaling pathways. Lastly, miR-150-NF treatment led
to inhibition of pancreatic tumor cell growth and clonogenic-
ity, and suppressed their malignant behavioral properties.
Together, our study characterizes a PLGA-based nanovec-
tor platform that could potentially be useful for efficient
delivery of miR-150 to the pancreatic tumor cells and, thus,
pave the way for novel and effective miRNA-based cancer
therapeutics.

Materials and methods

Cell culture

The human pancreatic cancer cell lines, Colo-357 and HPAF,
were maintained in a humidified atmosphere of 5% CO, at
37°C as monolayer cultures in Roswell Park Memorial Insti-
tute (RPMI) 1640 media (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrence Ville, GA, USA), penicillin
(100 units/mL), and streptomycin (100 pg/mL) (Thermo
Fisher Scientific). Validation of cell lines was done by short
tandem repeats genotyping and/or expression of defined
molecular markers (MUC1, MUC4, vimentin, and DPC4).
Moreover, cells were continuously monitored for their typical
morphology and intermittently tested for mycoplasma using
MycoSensor PCR assay kit (Stratagene, La Jolla, CA, USA)
as per manufacturer’s protocol.

Preparation of miR-150-loaded

PLGA/Polyethylenimine nanoparticles
Ester terminated PLGA (molecular weight: 40 kDa) and PEI
(molecular weight: 25 kDa) were purchased from LACTEL
Absorbable Polymers (Birmingham, AL, USA). The ratio of
lactic acid to glycolic acid in PLGA is 50:50. PLGA (32 mg)
and PEI (100 pg) were dissolved in 1 mL of chloroform.
A mixture of acetylated bovine serum albumin (4 mg)
and miR-150 (283.5 pg) in 0.2 mL of 1X-Tris-ethylenedi-
aminetetraacetic acid (EDTA) buffer was added into organic
phase (the molar ratio of PEI and miRNA was ~1:8), vortexed
briefly, and then sonicated using a probe sonicator (=3 W,
Sonicator XL; Misonix, Inc., Farmingdale, NY, USA) for
30 seconds over an ice bath to form water-in-oil emulsion.
The water-in-oil emulsion was then added into 6 mL 0f2.5%
w/v polyvinyl alcohol solution prepared with 1X Tris-EDTA
buffer and sonicated at 9 W for 3 minutes over ice bath. The
emulsion was further stirred for 18 hours at ambient condi-
tions, and then for 2 hours under vacuum to remove chloro-
form. Nanoparticles were recovered by ultracentrifugation
(35,000 rpm for 35 minutes at 4°C, Optima TM, LE-80 K;
Beckman Coulter Inc., Brea, CA, USA), washed three times
(first wash using 1X Tris-EDTA buffer and the next two
washes with sterile deionized water), and then lyophilized
(FreeZone 4.5; Labconco, Kansas City, MO, USA).

Encapsulation efficiency

The amount of miR-150-loaded in nanoparticles was deter-
mined as described previously.? In brief, the amount of un-
entrapped miR-150 mimics in the nanoparticle wash solutions
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obtained during the formulation step was quantified using the
Quant-iT™ PicoGreen Assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Fluorescence resulting from the
binding of PicoGreen reagent to miR-150 was measured in
a black-bottomed 96-well plate using FLx-800 microplate
reader (BIO-TEK Instruments, Winooski, VT, USA). miR-
150 loading in nanoparticles was determined by subtracting
the total amount of miR-150 recovered in the wash solutions
(miR-150,) from the initial amount of miR-150 (miR-150))
added. Encapsulation efficiency was calculated as:

(miR-150-miR-150 /miR-150,) x 100

Physicochemical characterization

The surface morphology and size of nanoparticles were
characterized by transmission electron microscopy using
Technai™ G? Spirit Bio TWIN (FEI Company, Hillsboro,
OR, USA). Hydrodynamic diameter and zeta potential of
nanoparticles were measured in distilled water using Delsa™
Nano C (Beckman Coulter Inc.). Zeta potential values were
calculated from measured velocities using Smoluchowski
equation. Mean hydrodynamic diameters were calculated
for size distribution by weight with the assumption of a
lognormal distribution.

In vitro release assay

About 1 mg of miR-150-loaded nanoparticles were incubated
with 1 mL of release medium (Tris—EDTA buffer with or
without 10% FBS, pH 7.4) in a rotary shaker at 100 rpm
at 37°C. At predetermined intervals (after every 24 hours
for 14 days), the nanoparticle suspension was centrifuged
at 7,500 rpm at 4°C for 10 min. Supernatant (1 uL) was
analyzed using the nucleic acid measurement application
of NanoDrop ND-1,000 spectrophotometer (Thermo Fisher
Scientific), and the amount of miRNA was reported as
pg/mL. Release medium was used as a control. Samples were
taken in triplicate for each time point.

Measurement of delivery efficacy

Pancreatic cancer cells were seeded in six-well plates and grown
until they reached 60%—70% confluence. Cells were treated
with miR-150 mimics (Ambion, Austin, TX, USA) (with or
without Lipofectamine [Thermo Fisher Scientific]), miR-
150-NF (0.05 mg, 0.1 mg, 0.2 mg), or blank (unloaded,
0.2 mg) PLGA nanoparticles. After 16 hours of transfection/
treatment, media was replaced with complete media and
cells were further cultured for 48 hours. Expression level of

mature miR-150 was examined using quantitative reverse-
transcription polymerase chain reaction (PCR) assay as
described in the following section.

RNA isolation and quantitative

reverse-transcription PCR assay

TRIzol reagent (Thermo Fisher Scientific) was used to extract
total RNA. Complementary DNA was synthesized using the
High Capacity complementary DNA Reverse Transcription
Kit (Thermo Fisher Scientific) following manufacturer’s
instruction. PCR was performed in 96-well plates using
SYBRGreen Master Mix (Thermo Fisher Scientific) on an
iCycler system (Bio-Rad Laboratories Inc., Hercules, CA,
USA). U6 small nuclear RNA was used as an internal con-
trol. Relative amounts of miRNA were normalized against
U6 small nuclear RNA, and fold change for miRNA was
calculated by the 222 method. All the primers used in this
study are described earlier.® The thermal conditions used
for the real-time PCR were as follows: cycle 1, 95°C for
10 minutes; cycle 2 (x40), 95°C for 10 seconds and 58°C
for 45 seconds.

Western blot analysis

Cells were processed for protein extraction and western
blotting as described earlier.”? Immunodetection was car-
ried out using specific antibodies against MUC4 (8G7),
pY1248-HER2 (mouse monoclonal) (Santa Cruz Biotech-
nology Inc., Dallas, TX, USA), pHER2, pERK1/2 (mouse
monoclonal), ERK1/2, FAK and pFAK (rabbit monoclonal)
(Epitomics, Burlingame, CA, USA), and B-actin (mouse
monoclonal) (Sigma-Aldrich Co., St Louis, MO, USA). All
secondary antibodies (Santa Cruz Biotechnology Inc.) were
used at 1:2,000 dilutions. Proteins were visualized with the
Super Signal West Femto Maximum sensitivity substrate
kit (Thermo Fisher Scientific) and the signal was detected
using an LAS-3,000 image analyzer (Fuji Photo Film Co.,
Tokyo, Japan).

Cell growth and clonogenicity assays

For cell growth assay, cells (2x10° cells per well) were
treated with miR-150-NF or blank PLGA nanoparticles
(0.05 mg each), as described above, and cultured for
5 days. Cell growth was then monitored using WST-1 assay
kit (Hoffman-La Roche Ltd., Basel, Switzerland) as
per manufacturer’s instructions. The absorbance was
measured at a wavelength of 450 nm using a Bio-Rad
Benchmark microplate reader (Bio-Rad Laboratories Inc.).
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For clonogenicity assay, cells were cultured in six-well
plates until they reached 60%—70% confluence, and were
subsequently treated with miR-150-NF or blank PLGA
nanoparticles (0.05 mg each). Following 48 hours transfec-
tion, cells were trypsinized and plated in six-well plates
at a density of 1x10° cells per well in a regular media
for colony formation. After 2 weeks, colonies were fixed
with methanol, stained with crystal violet, photographed,
and counted using image analysis software (Gene Tools;
Syngene, Frederick, MD, USA).

Motility and invasion assays

Cells were treated with miR-150-NF or blank PLGA nanopar-
ticles (0.05 mg each) for 48 hours, trypsinized, and subjected
to motility and invasion assays. For motility assay, cells
(1x10°) were plated in the top chamber of mono-coated poly-
ethylene terephthalate membrane (six-well insert, pore size
8 um; BD Biosciences, San Jose, CA, USA). For the invasion
assay, 2.5x10° cells were plated in the top chamber of the
transwell with a Matrigel-coated polycarbonate membrane
(24 wells, 0.8 um; BD Biosciences). Respective media with
10% FBS was added to the lower chamber as a chemoat-
tractant. After 16 hours of incubation, cells remaining on
the upper surface of the insert membrane were removed by
cotton swab. Cells that had migrated or invaded through the
membrane/Matrigel to the bottom of the insert were fixed,
stained with Diff-Quick cell staining kit (Siemens Healthcare
Diagnostics Inc., Newark, DE, USA), mounted on a slide,

Figure | Transmission electron micrographs of PLGA nanoparticles.

photographed using inverted phase contrast microscope, and
counted in ten random view fields.

Statistical analysis

Each experiment was performed independently at least three
times. All the values were expressed as mean + standard
deviation. Wherever appropriate, the data were also sub-
jected to unpaired two-tailed Student’s #-test. A value of
P<0.05 was considered as significant.

Results
Characterization of miR-150-NF

Nanoparticles were characterized for physicochemical
properties, namely morphology, size, zeta potential, loading
efficiency, and in vitro release profile. Transmission electron
microscopy studies revealed that nanoparticles were spheri-
cal in shape with a smooth surface and possessed an average
particle size of ~168 nm (for blank nanoparticles, Figure 1A)
and ~183 nm (for miR-150-NF, Figure 1B). Dynamic light
scattering studies demonstrated an average hydrodynamic
diameter of ~307 nm and a polydispersity of 0.229 for
blank nanoparticles, whereas miR-150-NF exhibited aver-
age diameter of 399 nm and a polydispersity of 0.177 (data
not shown). Nanoparticles had a net negative surface charge
and exhibited a zeta potential of —20.22 mV for blank nano-
particles and —20.63 mV for miR-150-NF. Furthermore, our
data demonstrate efficient encapsulation of miR-150 mimics
(miRNA loading efficiency =78.3%) in PLGA nanoparticles.

Notes: The transmission electron microscopic images of (A) unloaded and (B) miR-150-loaded nanoparticles. Scale bar is | pum.

Abbreviation: PLGA, poly (D,L-lactide-co-glycolide).
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604 ~—®— With serum
- Without serum

Percent release
of miR-150

Time (days)

Figure 2 In vitro release profile of miR-150 mimic from miR-150-NF.

Notes: One milligram of miR-150-NF was incubated with | mL of release medium
(Tris—EDTA buffer with or without 10% FBS, pH 7.4) in a rotary shaker at 100 rpm
at 37°C. At 24 hour intervals, the nanoparticle suspension was centrifuged at
7,500 rpm for 10 minutes at 4°C. The amount of miR-150 in the supernatant was
determined using ultraviolet spectrophotometry. The experiment was repeated
three times and standard deviation was calculated.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; NF, nanoformulation.

Additionally, in vitro release profile of miR-150-NF indicated
an initial burst release of 9.4% and 21% of the encapsulated
miR-150 in serum deprived TE-buffer and serum (10% FBS)
containing TE-buffer, respectively, in the first 24 hours
followed by a more sustained release over the next 14 days
(Figure 2). These studies also show that miRNA release is
faster in the presence of serum (>62% release vs <30% in
the absence of serum).

miR-150-NF efficiently delivers miR-150

mimics to pancreatic cancer cells

An effective delivery system should possess high transfection
efficiency in order to deliver oligonucleotides proficiently
into the cells. We evaluated whether the miR-150-NF is able
to increase the level of miR-150 in pancreatic cancer cells.
Our data revealed that miR-150 expression was significantly
increased (~28-fold in Colo-357 and ~26-fold in HPAF cells)
in 0.1 mg miR-150-NF (containing 0.69 g miR-150)-treated
cells as compared to those transfected with miR-150—
Lipofectamine (containing 0.708 pg miR-150) (Figure 3).
Moreover, miR-150 expression was further increased in a
dose-dependent manner (0.05 mg to 0.2 mg) in both the cell
lines after treatment with miR-150-NF. Our data suggest
that miR-150-NF is highly efficient in delivering miR-150 to
pancreatic cancer cells.

Treatment of miR-150-NF represses
the expression of MUC4 and its
interacting partner, HER2, and impacts

downstream signaling
We have shown earlier that MUC4 is a direct target of
miR-150.% Therefore, to delineate the functional efficacy

50,000 4

Colo-357
40,000 = HPAF
30,000 4

20,000 A

Relative expression
of miR-150

10,000 -

Hhx
***
kk
wx
w
* % 1
: e ||

Blank NPs miR-150 miR-150 0.05mg 0.1mg  0.2mg
mimics lipofect

miR-150-NF

Figure 3 miR-150-NF delivers miR- 150 mimics to pancreatic cancer cells efficiently.
Notes: Pancreatic cancer cells were seeded in six-well plates to reach 60%—70%
confluence. Cells were treated with 0.1 mg of miR-150 mimics (with or without
Lipofectamine [Thermo Fisher Scientific, Waltham, MA, USA]), miR-150-NF
(0.05 mg [0.245 pg miR-150], 0.1 mg [0.69 pg miR-150], and 0.2 mg [1.38 ug
miR-150]), blank (unloaded, 0.1 mg) PLGA nanoparticles. After 16 hours of
transfection, medium was replaced with complete media and cells were further
cultured for 48 hours. Expression of mature miR-150 was examined in cells
by quantitative reverse-transcription-polymerase chain reaction. Comparable
expression of miR-150 was observed after treatment of cells with 0.05 mg of
miR-loaded NPs and miR-150 mimic (0.708 ug miR-150) with Lipofectamine,
whereas significantly higher expression was observed in cells after treatment
with miR-150-NF at concentrations of 0.] mg and 0.2 mg. Results are presented
as fold increase in miR-150 expression in various treatments in comparison to
miRNA-150 alone. Bars represent mean * standard deviation, n=3; *P<0.05;
**P<0.001; **P<0.0001.

Abbreviations: miR, microRNA; NF, nanoformulation; NPs, nanoparticles.

of miR-150-NF, we examined its effect on the expression
of MUCA4. For this, we treated Colo-357 and HPAF cells
with blank nanoparticles (0.1 mg), miR-150-NF (0.05 mg or
0.1 mg), or miR-150 mimics with Lipofectamine for 48 hours
and examined the expression of MUC4. Our data reveal that
both miR-150-NF and nonformulated miR-150 are able to
repress MUC4 expression in Colo-357 and HPAF cells.
Interestingly, the data demonstrate that the effect of MUC4
inhibition is more potent when cells are treated with miR-
150-NF as compared to treatment with Lipofectamine—
miR-150 complex (Figure 4). We next examined the effect of
miR-150-NF treatment on the expression of HER2 as well as
its downstream signaling. HER2 has previously been shown
by us to physically interact with MUC4, where the latter
causes its stabilization.” The data from immunoblot analysis
reveal that the expression of HER2 and its phosphorylated
form (pY1248-HER?2) is reduced following treatment with
miR-150-NF in both the cell lines (Figure 4). Furthermore,
we observed a decreased phosphorylation of ERK and FAK
(downstream effectors of HER2) in miR-150-NF-treated
cells as compared to blank nanoparticles. Altogether, our
data suggest that miR-150-NF represses MUC4 and HER2,
leading to attenuation of its downstream signaling in pancre-
atic cancer cells, thus confirming the functional efficacy of
miR-150-NF.

International Journal of Nanomedicine 2014:9

submit your manuscript

2937

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Arora et al

Dove

Colo-357

HPAF

Blank
NPs

miR miR-150-NF
+lipo  (0.05mg) (0.1 mg)

Blank miR
NPs

miR-150-NF
+lipo (0.05mg) (0.1 mg)

MUC4

pHER2

HER2

pFAK

FAK

pERK

Total-ERK

B-actin

Figure 4 miR-150-NF represses MUC4 expression, HER2 expression, and HER2 downstream signaling in pancreatic cancer cells.

Notes: Colo-357 and HPAF cells were treated with blank NPs (0.1 mg), miR-150-NF (0.05 or 0.1 mg), or miR-150 with Lipofectamine (Thermo Fisher Scientific, Waltham,
MA) for 48 hours. Imnmunoblotting was performed for MUC4, HER2, p-HER2, ERK /2, pERK /2, FAK, and pFAK. B-actin was used as a loading control.

Abbreviations: lipo, Lipofectamine; NF, nanoformulation; NPs, nanoparticles; MUC4, Mucin 4; HER2, human epidermal growth factor receptor 2; pHER2, phosphorylated
HER2; ERK, extracellular signal-regulated kinase; pERK, phosphorylated ERK; FAK, focal adhesion kinase; pFAK, phosphorylated FAK.

miR-150-NF treatment inhibits
growth and clonogenicity

of pancreatic cancer cells

In order to examine the effects of miR-150-NF on pan-
creatic cancer cell phenotype, we performed a series of in
vitro assays. First, we studied the effect of miR-150-NF on
the cellular morphology and growth of pancreatic cancer
cells. Cells treated with miR-150-NF (0.05 mg and 0.1 mg)
showed alterations in morphology as compared to untreated
cells (Figure 5). At 0.1 mg concentration of miR-150-NF,
remarkable changes in the morphology of pancreatic cancer
cells (Colo-357 as well as HPAF) were observed as illustrated
by rounded shape, smaller size, reduced spreading over the
culture dish, and detachment from the substratum as com-
pared to the control cells (Figure 5). Furthermore, the growth
kinetics study demonstrated significant growth inhibition in
miR-150-NF-treated pancreatic cancer cells (~66% in
Colo-357 and ~59% in HPAF) on day 5 as compared to

their respective controls (Figure 6A). We next examined the
effect of miR-150-NF on the anchorage-dependent clono-
genic ability of the pancreatic cancer cells. The data reveal
that miR-150-NF decreases the clonogenic ability of Colo-
357 and HPAF cells by 78.4% and 69.3%, respectively, as
compared to that observed in blank nanoparticle-treated cells
(Figure 6B). Thus, our findings suggest a significant antitumor
efficacy of miR-150-NF against pancreatic cancer cells.

Treatment with miR-150-NF results

in the suppression of malignant

behavior of pancreatic cancer cells

In our previous studies, we have shown an important role
of MUCH4 in potentiating the aggressive malignant behavior
of pancreatic tumor cells.® Therefore, we investigated the
effect of miR-150-NF treatment on motility and invasive
potential of Colo-357 and HPAF cells. Cell motility assay
was performed by following the migration of tumor cells
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miR-150-NF loaded nanoparticles

Untreated cells Blank nanoparticles 0.05 mg/mL 0.1 mg/mL
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Figure 5 Treatment of pancreatic cancer cells with miR-150-NF alters the morphology of pancreatic cancer cells.

Notes: Pancreatic cancer cells were seeded in six-well plates and allowed to attain 60%—70% confluence prior to miR-150-NF (0.05 or 0.1 mg/mL) treatment for 48 hours.
Representative micrographs are from one of the random fields of view (magnification 100x) of cells.

Abbreviation: NF, nanoformulation.
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Figure 6 miR-150-NF decreases growth and clonogenicity of pancreatic cancer cells.

Notes: (A) Colo-357 and HPAF cells (2x10° per well) were seeded in 96-well plates. After 24 hours (considered as day 0), cells were treated with either miR-150-NF
or blank NPs (0.05 mg each) and growth was monitored by WST-| assay every day for next 5 days. After analysis, data were presented as relative fold-growth induction
compared with growth of cells at day 0. Growth inhibition of cells treated with miR-150-NF was compared to cells treated with blank NPs on day 5 and is shown as
percentage. Bars represent mean  SD (n=3); *P<<0.05; **P<<0.001. (B) Pancreatic cancer cells were treated with miR-150 mimics-loaded or blank NPs and, 48 hours later,
cells were trypsinized and seeded in six-well plates (1x10° cells per well) for clonogenicity assay. After 2 weeks, colonies were stained with 0.1% crystal violet, photographed,
and counted using imaging system. Data are presented as percent inhibition of clonogenic ability of miR-150-NF-treated cells as compared with their respective controls. Bars
represent the mean of total number of colonies + SD (n=3); *P<<0.05.

Abbreviations: miR, microRNA; NF, nanoformulation; NPs, nanoparticles; SD, standard deviation.
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Figure 7 Treatment with miR-150-NF decreases the motility and invasion of pancreatic cancer cells.

Notes: (A) Colo-357 and (B) HPAF cells were treated with miR-150-NF or blank NPs for 48 hours as described above. Cells were trypsinized and seeded (Ix10¢and
2.5x10°for migration and invasion, respectively) in serum-deprived media on non-coated or Matrigel-coated membranes for motility and invasion assays, respectively. Medium
containing 10% FBS was added in the lower chamber as a chemoattractant and incubated for 16 hours in transwell plates. Cells that had migrated/invaded through the
membrane/Matrigel to the bottom of the insert were fixed, stained, photographed using inverted phase contrast microscope, and counted in ten random view fields. Bars
represent the mean * standard deviation (n=3) of number of migrated/invaded cells per field; *P<<0.05.

Abbreviations: FBS, fetal bovine serum; NF, nanoformulation; NPs, nanoparticles.

under chemotactic drive (FBS) using a Boyden’s chamber.
Data show a significant decrease (~3.1- and 2.8-fold in
Colo-357 and HPAF cells, respectively) in the number of
migrated cells following miR-150-NF treatment as compared
to their respective controls (Figure 7). Furthermore, Matrigel
invasion assay was performed to determine the effect of
miR-150-NF treatment on invasiveness of pancreatic cancer
cells. The data demonstrate that, following treatment with
miR-150-NF, invasiveness of the Colo-357 and HPAF cells
was decreased ~4.0- and 3.3-fold, respectively, as compared
to the cells treated with blank nanoparticles (Figure 7).
Altogether, the data suggest a potent effect of miR-150-NF
treatment on attenuating the malignant potential of pancreatic
cancer cells.

Discussion

miRNA delivery approach, also known as miRNA replace-
ment therapy, is focused on reinstating functional miRNAs
that are lost in the diseased cells. In the present study,
we generated PLGA-based miR-150-NF to facilitate the

delivery of miR-150 into pancreatic cancer cells exhibit-
ing its downregulated expression. Our studies show that
miR-150-NF was able to efficiently deliver miR-150 mimics
to pancreatic cancer cells. Treatment with miR-150-NF led
to the repression of miR-150 gene target, MUC4, and also
caused downregulation of its interacting partner, HER2.
We also observed suppression of HER2 and its downstream
signaling upon treatment with miR-150-NF, which resulted
in significant inhibition of pancreatic cancer cell growth,
clonogenicity, motility, and invasion.

Nucleotide delivery requires carriers that are safe, are
capable of efficient endocytosis into tumor cells, and pos-
sibly possess targeting capabilities for delivery to specific
cells.?> 2% In the present study, we chose the polymer PLGA
for the preparation of nanoparticles to deliver miR-150 due
to advantages of PLGA over other polymers. PLGA-based
polymer matrices exhibit tremendous versatility that allows
for their tailoring to meet the specific need.?*?’ Furthermore,
PLGA polymers are biodegradable and are approved for
human use.?*?! In addition, PLGA-based nanoparticles permit
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sustained intracellular release of encapsulated agents, leading
to potent and prolonged therapeutic efficacy.’**> However,
one of the limitations of the PLGA nanoparticles is their low
encapsulation efficiency (<50%) for low molecular weight
and hydrophilic molecules.’>* We were able to overcome
this limitation by incorporating PEI, a cationic polymer, in
the PLGA matrix. PEI has a high positive charge density
and, therefore, helps in enhanced encapsulation of negatively
charged moieties such as nucleic acids.**3* Indeed, addition of
cationic polymers, such as PEI or chitosan, has been shown
previously to improve encapsulation efficiency of small
interfering RNAs.?33¢

Additional criteria that affect the efficacy of nanopar-
ticles are their size and zeta potential, which determine the
level of cellular and tissue uptake.’’** Various studies have
been conducted to investigate the effect of nanoparticle
size on gene delivery efficiency. Smaller size nanoparticles
exhibit greater gene delivery efficiency, and some studies
suggest 400 nm as the effective upper size limit for passive
targeting.’74**? Although the average hydrodynamic diameter
of our miR-150-loaded nanoparticles was close to this upper
limit, they still exhibited efficient intracellular delivery of
miRNAs. However, it will be desirable to further refine our
formulation methodology to reduce the size of miR-150-NF
prior to initiating in vivo studies.

Zeta potential is an indicator of the surface charge of
nanoparticles and is a key parameter that determines nano-
particle stability in suspension.’”* Nanoparticles with high
negative or positive zeta potential values are generally more
stable in dispersion. Despite the addition of PEI, the net zeta
potential of miR-150-NF was —20.63 mV. This could be due
to the fact that the amount of PEI in the formulation was very
small (100 ng) compared to the amount of PLGA (32 mg).
Moreover, the presence of the negatively charged miRNA
molecules also would have neutralized some of the cationic
charge arising from PEI. In additional studies, we observed
a slow and sustained release of miR-150 in vitro, which is
highly desirable for sustained therapeutic activity.”’# Faster
miRNA release in the presence of serum (>62% release
versus <30% in the absence of serum) might be attributed
to a higher percentage of polyanions, mainly due to albumins
in serum, that can compete with anionic miRNAs in binding
to cationic PEI.

miRNAs play important roles in a wide range of biologi-
cal processes, such as cell proliferation, apoptosis, differen-
tiation, metabolism, and migration and invasion, through
regulation of target gene expression.>* To be therapeuti-
cally effective, miR-150-NF treatment should be capable

of inducing both biological and molecular effects. In that
regard, we observed that treatment of pancreatic cancer cells
with miR-150-NF caused downregulation of miR-150 target
gene (MUC4) expression. Additionally, miR-150-NF also
repressed the expression of HER2, an interacting partner of
MUCHA4, leading to attenuation of its downstream signaling
(FAK and ERK) in pancreatic cancer cells. These observa-
tions correlated with decreased growth and clonogenicity
of pancreatic tumor cells and suppression of malignant
behavioral properties. These effects were consistent with our
previous findings® and clearly demonstrated the therapeutic
efficacy of miR-150-NF in vitro.

In summary, we have successfully developed PLGA-
based nanodelivery system of miR-150 that efficiently
encapsulates miR-150, demonstrates sustained release, effec-
tively delivers miR-150, and inhibits growth and malignant
potential of pancreatic cancer cells. Since PLGA nanopar-
ticles can be easily surface modified,?** our formulation also
holds immense potential to ensure the targeted delivery of
miRNAs to the cancer cells under in vivo setting. Additional
studies are, however, needed to further test its effectiveness
in vivo. Nonetheless, our data provides proof of the concept
for miRNA delivery using PLGA-based nanoformulation.
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