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1. Introduction

MicroRNAs (miRNAs) are regarded as post-transcriptional reg-
ulators of gene expression because they can degrade their target
mRNAs or inhibit their translation'. Accumulating evidences have
suggested that miRNAs have significant potentials for cancer
treatment especially because one miRNA can regulate a multitude
of target genes efficiently and synchronously, thus avoiding drug
resistance and addressing the heterogeneous nature of cancer’ ™.
miRNA21 is part and parcel of tumor initiation, progression,
invasion and metastasis of various types of cancers and considered
as a representative oncogenic miRNA. When the functions of
endogenous miRNA21 were efficiently blocked, the tumor sup-
pressor gene phosphatase and tensin homolog deleted on chromo-
some ten (PTEN) and programmed cell death protein 4 (PDCD4)
could be up-regulated at the same time to suppress tumor
development from different pathways®~’. On the other hand,
silencing miR21 can not only depress the invasion and prolifera-
tion but also promote apoptosis of the cancer cells™’. With the
rapid innovation of gene therapy, two strategies were developed to
achieve tumor regression, including anti-miRNAs to knockdown
tumorigenic miRNAs and imitator of miRNAs to upregulate
antitumors miRNAs'®™"?. The delivery of miRNAs or anti-
miRNAs with tumor suppressing capability holds great promise
for cancer treatment, however, has been limited by the extreme
instability and ineffective delivery'*'®. In spite of stability
improvement of (anti)sense-miRNAs by modifying the nucleic
acid structure, therapeutic miRNAs require effective delivery
systems to become useful preparations. Scientists have designed
and developed several delivery systems to protect nucleic acids
from degradation of serum nucleases. Some well-designed nano-
particles could effectively inhibit endogenous miRNA function
and significantly reduce the growth of tumor in vivo™”*. However,
these nanoparticles showed slashed antitumor efficacy when the
dose was reduced to around one half'’. Consequently, it is
essential to construct an efficient anti-miRNA delivery system
for cancer treatment.

Rolling circle transcription (RCT) is a novel technology which
could construct a nanoball (about 500 nm in diameter) containing
plenty of RNAi sequences, and self-assembled with the carrier and
cargo as a whole to delivery therapeutic RNA. Each nanosphere
contains about a half million tandem copies of therapeutic RNA
strands which are cleavable with dicer. Moreover, these RNA
strands were layers of parcels with each other, so they have
significantly better stability than single-stranded RNA'®'°. RCT
offered an option to delivery RNA drugs efficiently and therefore
has been adopted to construct valid siRNA delivery system in
general. But it has not been applied in (anti)miRNA delivery
system yet.

In this paper, we adopted RCT to delivery antisense of
miRNA21 to prepare anti-miR21 nanospheres. Pompon-like nano-
particles were optimized to a diameter of 100 nm with the use of
disulfide bonded polyethyleneimine (pOEI), which could be
degraded by high concentration of glutathione in tumor cells.
The pOEI molecule is much smaller than the nanosphere, therefore
the tightly packed pOEI molecules could protect the nanosphere
from degradation by dicer or other RNase in normal cells.

In order to accumulate more nanopompons in the tumor tissue,
the nanopompons were modified with dehydroascorbic acid
(DHA). As is well-known, cancer cells rewire their metabolism
in distinct ways, such as aerobic glycolysis, also called as the
“Warburg effect””’, which means that in order to satisfy the need

of rapid proliferation, it is necessary to maintain high levels of
glucose uptake and metabolism. Glucose transporterl (GLUT1) is
an important pathway for tumor glucose transport and therefore is
highly expressed on the surface of most tumor cells’*>. How-
ever, the transmembrane glucose transport of GLUT1 is bidirec-
tional; when the intracellular glucose concentration reaches a
certain level, the excess glucose will be excreted from the cell, so
the concentration of intracellular glucose could maintain a certain
level. DHA closely resembles the structure of glucose and also
has been transported into the cell through GLUT1%, but the
transport mode is different from that of glucose. DHA is reduced
to Vitamin C after being transported into the cell, so that it can be
continuously transported into the cell. Due to changes in
the structure of DHA after the transportation into cells, it cannot
be recognized and effluxed by GLUT1?*. Therefore, the uptake
of DHA by GLUTI is a continuously enriched one-way
transport process, and can be used to achieve the accumulation
of nanopompons the tumor tissue. The targeting and
GSH/dicer-responsive anti-miRNA21 delivery system was named
as DHA-targeting anti-miRNA21 nanopompons (Fig. 1). The
targeting delivery and GSH/dicer-responsive release are expected
to guarantee sufficient accumulation of anti-miRNA21 sequences
within tumor cells and can therefore ensure a safe and efficient
cancer therapy.

2. Materials and methods

OEI (ethylenediamine branched polyethylenimine, MW 800) was
purchased from Sigma—Aldrich (St. Louis, MO, USA). Azide PEG
succinimidyl carboxymethyl ester (AZIDE-PEG3500-SCM, MW
3500) was synthesized by Jenkem Technology (Beijing, China).
3,3'-Dithiobis(sulfosuccinimidylpropionate) (DTSSP) was
obtained from ThermoFisher Scientific (Waltham, MA, USA).
All others chemical were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). The T7promoter (TAATAC-
GACTCACTATAGGGAT) and the linear DNA with anti-miR21
sequence (ATAGTGAGTCGTATTAACGTACCAACTAGCT-
TATCAGACTGATGTTGACTTGCAACATCAGTCCTCCCAG-
CTATAGAGGCATATCCCT) were obtained from Genscript
Biotechnology Company (Nanjing, China). AmpliScribeTM T7
High Yield Transcription Kit was purchased from Epicenter
Technologies (Madison, WI, USA). T4 DNA Ligase were
obtained from Promega Corporation (Madison, WI, USA).
BODIPY® FL NHS Ester (succinimidyl ester) was obtained from
Life Technologies Corporation (Carlsbad, CA, USA). ECL Plus
was pursed from Beyotime Biotechnology (Shanghai, China).
Recombinant Human Dicer Enzyme Kit was acquired from
the Genlantis (San Diego, USA). All antibodies were purchased
from Abcam (Cambridge, England). OCT embedding medium was
obtained from Sakura Tissue-Tek® (Torrance, CA, USA).
All primers were synthesized by GenePharma Co., Ltd.
(Shanghai, China).

2.1. Cell lines

MDA-MB-231-luci cells and 293 cells were kindly provided by
Stem Cell Bank Chinese Academy of Sciences (China). All the
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% fetal bovine serum, 1000 units/mL
aqueous penicillin G, and 100 pg/mL streptomycin at 37 °C under
5% CO, humidified atmosphere.
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Figure 1 Preparation, GLUT1-mediated transport, and GSH-responsive drug release of DHA-targeting anti-miRNA21 nanopompons.

2.2, Animals

Balb/c nude mice (female, 20-25 g) were kindly provided by the
Experimental Animals Department of Fudan University (China).
All animal experiments were conducted in accordance with
guidelines evaluated and approved by Fudan University Institu-
tional Animal Care and Use Committee (IACUC, Shanghai,
China). The xenograft tumor model was established by orthotopic
injection of 1 x 10° MDA-MB-231-luci cells in 100 pL serum-
free DMEM medium containing 5 mg/mL Matrigel into the
mammary fat pad of mice.

2.3.  Synthesis of DHA-PEG-pOEI

DHA (18 mg, 2 eq.), AZIDE-PEG;50-SCM (150 mg, 1 eq.),
ascorbic acid (21 mg, 2.5 eq.) and PMDETA (44 pL, 5 eq.) were
dissolved in 5 mL ultrapure water, and then the reaction system
was protected by nitrogen. Finally add CuSO, (5.4 mg, 0.5 eq.)
into the mixture. The mixture was stirred at 40 °C for 12 h, after
which the reaction was transferred to a dialysis membrane with a
1000 MWCO membrane and dialyzed in 10 mmol EDTA-2Na
water solution (2L) for 12h. After which the dialysate was
replaced with water, and then continued dialysis for 12h. the
crude product was lyophilized to obtain pure DHA-PEG-SCM.
GSH-responsive pOEI can be easily synthesized by adding

equimolar OEI and DTSSP into purified water, stirred at 35 °C
for 48h and purified by dialysis, and the specification of the
dialysis-membrane was 7000. Then an equivalent amount of pOEI
and DHA-PEG-SCM was added into PBS 8.0 and stirred at room
temperature for 2h. The reaction system was then purified by
dialysis and lyophilization. Pure DHA-PEG-pOEI was dissolved in
D,O and analyzed by '"H NMR spectroscopy. The molecular
weight of pOEI and (DHA-)PEG-pOEI were measured by gel
permeation chromatography (GPC). Molecular weight of pOEI,
PEG-pOEI and DHA-PEG-pOEI were 9.8, 14.6 and 14.7 kDa,
respectively. BODIPY-labeled OEI was synthesized by click reac-
tion between the amino on OEI and BODIPY® FL NHS Ester
(succinimidyl ester). All the BODIPY-labeled (DHA-)PEG-pOEI
were prepared with BODIPY-labeled OEL

2.4.  Preparation of naked anti-miR21 nanosphere

In order to establish circular DNA template, 1 mmol/L linear DNA
and 1 mmol/L T7 were hybridized together by insulating at 95 °C
for 2 min and gradually cooling down to 25 °C during 1h. Then
the loop was closed by T4 DNA ligase by adding 3pL 10 x
ligase buffer, 0.9 L T4 DNA ligase solution and 5.1 pL RNase-
free water into the circular DNA template solution and insulating
the mixture at 25 °C for 3 h. Four kinds of ribonucleotide tripho-
sphate (ATP, UTP, CTP and GTP) were then added into circular
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DNA template, each with a concentration of 7.5 mmol/L. The final
spherical sponge-like structures were usually observed at about
16 to 20 h'’. Meanwhile, excessive copy number may cause the
self-assembly nanosphere to be too large, which is not conducive
to subsequent compression into the appropriate particle size.
Therefore, in order to generate a uniform formulation, the new
mixture was incubated with 2 pL. T7 RNA polymerase at 37 °C for
18 h in reaction buffer (total volume 20 pL). Afterwards, 1 MBU
of RNase-Free DNase I was added into the reaction buffer and
incubated for another 15 min at 37 °C to stop the transcription
reaction. The anti-miR21 nanospheres were extracted with
TE-saturated chloroform and pure chloroform, and then were
precipitated by 5 mol/L. ammonium acetate and washed with 70%
ethanol and RNase-Free water for several times. They were finally
redissolved in RNase-Free water with addition of RNase Inhibitor
to maintain stability. We obtained the molecular weight of RNA
nanospheres (2.01 x 10" g/mol) from Zeta PALS software
(Malvern Instruments Ltd., Malvern, Worcs, UK). The number
of periodically repeated 88 base RNA strands in one RNA
nanosphere was calculated as follows: molecular weight of 88
base RNA strand = 27,003 g/mol; number of cleavable RNA
strands in one RNA nanosphere = 2.01 x 10'927,002 =
744 x 10°. So, 7,440,000 of siRNA can be maximally generated
from one RNA nanosphere. The total RNA concentration of
nanosphere was determined by UV-Vis spectrophotometry and
calculated as follows to determine the amount of anti-miR21
therapeutic agent for drug-loading and animal test dose of
nanopompons: RNA concentration (pg/pL) = OD,gy x dilution
ratio x 0.04, which must meet 1.7 < OD260/0D280 < 2.0.

2.5.  Preparation of anti-miR21 nanopompons

The anti-miR21 nanospheres were prepared by sonication for
10 min. Afterwards, DHA-PEG-pOEI of gradient concentrations
(1, 5, and 10pg/pL) were added to nanospheres solutions,
vortexed for 30s and let it sit for another 30 min, forming three
kinds of different anti-miR21 nanopompons.

2.6.  Characterizations of anti-miR21 nanopompons

Different kinds of anti-miR21 nanopompons and naked anti-
miR21 nanosphere were analyzed by dynamic light scattering to
determine zeta potential and particle size. The morphologies were
visualized using TEM (Tecnai G2 spirit Biotwin, Hillsboro, USA).

2.7. Agarose gel electrophoresis

Firstly, anti-miR21 nanopompons were incubated with 10 mmol/L
GSH for 2 h at 37 °C, and then digested with 2 unit of recombinant
dicer at 37°C for 24h, and then the reaction was stopped by
adding 2 mL Dicer Stop Solution (according to the commercial
specifications). Meanwhile, naked anti-miR21 nanospheres and
anti-miR21 nanopompons were digested with recombinant dicer
using the same method as mentioned above. Digested product
were separated by 3% agarose gel (prestained with 0.5 mg/mL of
ethidium bromide) electrophoresis in Tris-acetate-EDTA (TAE)
buffer (20 mmol/L acetic acid, 1 mmol/LL. EDTA and 40 mmol/L
Tris, pH 8.0) at 100 V for 60 min and visualized by UV light.

2.8.  Cellular uptake

MDA-MB-231-luci cells were planked in 24-well culture plates at
a density of 3 x 10* cells/well. When achieving 70%-80% cell
density, the cells were incubated with Red BODIPY-labelled
nanopompons (dex = 630nm, A, = 650nm) with different
DHA modification degree at 0%, 10%, 20% or 50% with a
concentration of 5 pg RNA in 200 pL/well of the glucose-free PBS
under pH 7.4. Afterincubation for 30 min, cells were washed with
PBS three times and then photographed under the fluorescent
microscope (Leica DMI4000D, Germany).

2.9.  Cellular uptake mechanism exploration

MDA-MB-231-luci cells were planked in 24-well culture plates at
a density of 3 x 10* cells/well. The cells were pre-incubated with
glucose-free PBS, when achieving 70%—80% cell density. After
15min pre-incubation, cells were further incubated with Red
BODIPY-labelled nanopompons at a concentration of 5 pg RNA
in 200 pL/well for another 30 min. Other groups were incubated
with Red BODIPY-labelled nanopompons at a concentration of
5 pg RNA in 200 pL/well as well and different inhibitors including
10 mmol/L p-glucose, 0.5 pg/mL filipin, 0.4 pg/mL phenylarsine
oxide and 1 pg/mL colchicine, respectively. After incubation for
45 min, cells were washed with PBS for several times and then
photographed under the confocal fluorescence microscope
(IX2-RFACA, Olympus, Osaka, Japan).

2.10.  Flow cytometry

After photographed under the confocal fluorescence microscope,
pancreatin was added to separate cells. Then cells were diluted in
Hank's solution and centrifuged at 3000 rpm (ThermoFisher
Scientific, Waltham, MA, USA) for 5 min. After the supernate
was discarded, the precipitates were redissolved with Hank's
solution and analyzed by flow cytometry (cytoFLEX, Beckman
Coulter, Brea, CA, USA).

2.11.  Quantitative polymerase chain reaction (QPCR)

Cell samples after incubated with nanopompons for 2 days or
freshly excised tumor tissues were prepared. Total RNA was
isolated by TRIzol reagent. Possible DNA contaminant was
removed with DNase I. The RNA product was re-purified by
TRIzol reagent and the first strand cDNA was synthesized using
reverse transcription kit. GADPH was also amplified to be an
internal control.

2.12.  Invitro cell viability test

In vitro cell viability was evaluated by MTT assay (n = 4).
293 cells were planked in 96-well plates at a density of
5 x 10* cells/well. When reaching 60%-70% confluence, cells
were incubated with DHA-modified nanopompons, non-modified
nanopompons, DHA-PEG-pOEI and PEG-pOEI at various con-
centrations in DMEM for 48h at 37 °C. After incubation, the
medium was removed and cells were washed by PBS for three
times. Then 100 pL per well MTT solution with a concentration of
5mg/mL was added and incubated with cells at 37 °C for 4 h.
After incubation, the solution was removed and DMSO was added
100 puL per well. Then 96-well plates were shaken by the
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oscillating table for 10 min. The absorbance of formazan crystals
was read at 590nm using Multiskan MK3 microplate reader
(Thermo Scientific, Waltham, MA, USA). Cells without treatment
were considered as control.

2.13.  Western blot assay

Cell samples after incubated with nanopompons for 2 days or
freshly excised tumor tissues were lysed with phenylmethanesul-
fonyl fluoride (1 mmol/L, RIPA lysis buffer). The protein con-
centration of cell sample was measured by BCA Protein Assay kit
(Beyotime Biotechnology, Shanghai, China). Total proteins
(50 pg/hole) were separated by 12% SDS-PAGE electrophoresis
at 100V for 1h, and then transferred to PVDF membranes. After
that, PVDF membranes were blocked with 5% fat-free milk for
over 1h, and incubated overnight with primary antibody (PTEN,
Abcam, 1:1000; PDCD4, Abcam, 1:1000; actin, Beyotime, 1:100).
After washed with TBST buffer 3 times for 10 min, the mem-
branes were incubated with anti-rabbit or anti-mouse secondary
antibodies (1:500) conjugated with horseradish peroxidase (HRP)
for 1h. Then second antibody solution was removed. The
membranes were washed twice for 10min with TBST buffer.
The protein expression levels were detected by enhanced chemi-
luminescence autoradiography with the use of using ECL plus.

2.14.  Real-time fluorescence imaging

Nude mice model of triple negative breast cancer (at the day 10
after implantation) were treated by tail vein injection with Red-
BODIPY-labelled nanopompons (4ex = 630 nm, Ao, = 650 nm)
at the dose of 50 pg RNA per mouse. Normal saline was injected
as control. At 4, 8 and 12h after administration, the nude mice
were visualized with the in vivo real-time fluorescence imaging
system (IVIS Spectrum, Cailper PerkinElemer, Waltham, MA,
USA). All operations were performed under brief anesthesia with
inhalation of isoflurane. Then the excitation light was focused on
the breast area to conduct 3D real-time image of DHA-targeting
group 12 h after administration. Afterwards, mice were sacrificed,
and tumors as well as other primary organs were excised carefully
for comparing relative fluorescence accumulation.

2.15.  Inspection of anti-tumor therapeutic effects on triple
negative breast cancer (TNBC) model nude mice

At the day 7 after implantation, TNBC-bearing mice were
randomly divided into three groups (n = 10 each group) according
to the size of the tumor and body weight. One group was treated
by tail vein injection with DHA-modified anti-miR21 nanopom-
pons with a period of treatment of 5 injections every three days.
The total RNA dose is 2.5 mg/kg. The other group was injected
with non-modified anti-miR21 nanopompons through the same
way. Normal saline-treated mice were served as control. Tumor
volume (V) was calculated with the use of the Eq. (l)25 :

V:szll~7z’/6 1)

where the shortest diameter (s) and the longest diameter (/) of
tumors were measured by a digital caliper every other day. The
body weight of mice was also measured every other day to
evaluate the in vivo toxicity of nanopompons indirectly.

2.16.  In vivo cell proliferation and apoptosis assay

Tumors excised from the TNBC model on day 18 were fixed with
4% paraformaldehyde for 24 h. Then tumors were dehydrated with
sucrose solution, whose concentration was gradually increased
from 15% to 30% for 24 h. The tumor tissues were then frozen in
optimal cutting temperature compound (OCT) embedding medium
at —80 °C and sliced with thickness of 10 um. Tumor sections of
control and (non-) targeting anti-miR21-nanopompons-treated
group were de-paraffined by xylene and hydrated from 100%
ethanol, 85% ethanol and 75% ethanol to pure water. Then
antigens were retrieved by 10 mmol/L citric sodium buffer (pH
6.0) microwave antigen retrieval. Then sections were incubated
with 3% H,0, for 25 min to block endogenous peroxidase and
washed by PBS. Afterwards, sections were blocked by 5% goat
serum, and then were incubated with primary antibodies (cleaved
caspase-3, Abcam, 1:1000; Ki67, Abcam, 1:1000) at 4 °C over-
night, and then the sections were incubated with goat anti rabbit
IgG conjugated with HRP at 25 °C for 60 min. The conjugated
antibody was detected by diaminobenzidine. All sections were
counterstained with hematoxylin, and then photographed under the
fluorescent microscope (Leica, DMI4000D, Germany).

2.17.  Statistical analysis

Analysis was performed using GraphPad Prism software (Graph-
Pad Software, Inc., La Jolla, CA, USA). Statistical comparisons
were assessed by one-way ANOVA. Data are represented as
mean + SD. Statistical significance was defined as P < 0.05.

3. Results

3.1.  Physical characteristics of GSH/DICER-responsive anti-
miR21 nanopompons

Naked anti-miR21 nanospheres were prepared by RCT and
observed under transmission electron microscope (TEM) to con-
firm the successful preparation. Nanospheres shared a uniform
particle size around 500 nm (Fig. 2C). Compared with the nano-
spheres carrying siRNA sequences'®, stability of anti-miR21
nanospheres is so poor that degradation of edges can be observed
under TEM (Fig. 2D). Stability experiment showed that naked
nanospheres cannot be stable for more than 8h (Supporting
Information Fig. S1A). For greater stability and better particle
size, after screening gradient pOEI-PEG (0, 1, 5 and 10 pg/pL),
naked nanospheres were contracted by 10 pg/pL pOEI and PEG
corona (Fig. 2A). The synthetic route of (DHA-)PEG-pOEI were
shown in Supporting Information Scheme S1. '"H NMR spectrum
of (DHA-)PEG-pOEI were shown in Supporting Information
Fig. S2. Contracted nanopompons could be stable for more than
3 days (Fig. SIB). The mean diameter of the non-modified
nanopompons are 107 nm (Fig. 2C), almost as same as DHA-
modified nanopompons, because DHA molecule is too small to
affect the particle size. Results of zeta potential showed that with
the increase of pOEI concentration, zeta potential changed from
negative to positive, and modification does not affect the potential.
The final average zeta potential is +17 mV (Fig. 2B). Agarose gel
electrophoresis showed that naked nanospheres had a sensitive
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Figure 2 Characterization of anti-miR21 nanopompons. (A) Particle sizes and (B) zeta potentials after contraction by gradient pOEI (0, 1, 5 and
10 pg/pL). (C) Size distribution of naked anti-miR21 nanospheres and anti-miR21 nanopompons (pOEI 10 pg/pL) by DLS. (D)TEM images of
naked anti-miR21 nanospheres. (E) TEM images of anti-miR21 nanopompons. (F) Enzyme electrophoresis of (contracted) anti-miR21
nanopompons (lane 1:10bp RNA ladder; lane 2: naked anti-miR21 nanospheres lane 3: naked anti-miR21 nanospheres with incubation of
2.00 Unit dicer for 24 h; lane 4: condensed anti-miR21 nanoparticles without dicer; lane 5: condensed anti-miR21 nanoparticles with incubation of
2.00 Unit dicer for 24 h; lane 6: condensed anti-miR21 nanoparticles with incubation of 10 mmol/L GSH for 2 h and then 2.00 Unit dicer for 24 h).

dicer enzyme reactivity, and encapsulation can protect nanopom-
pons from being degraded by the specific dicer enzyme in tumor
cells, unless there is a high concentration of glutathione present,
which has been proven to increase thousands of times in tumor
cells®® (Fig. 2F).

3.2.  Optimization of modification level and exploration of uptake
mechanism

Red BODIPY-labelled nanopompons modified with different
proportions of DHA were prepared for selection. Cellular uptake
experiments of MDA-MB-231 Cell line was designed for screen-
ing a suitable final formulation. Cellular uptake experiments
showed that with the increase of modification, the fluorescence
intensity was significantly enhanced. This indicated an increase in
cellular uptake, and reached a saturation point while the modifica-
tion degree was 20% (Fig. 3A), which is probably due to the
saturation of GLUT1. The results also proved that DHA modifica-
tion has the ability to promote the accumulation of nanopompons
in MB-MDA-231 cells. Same conclusion was obtained by flow
cytometry quantitative test (Fig. 3D). In order to avoid the stability
problems in vivo caused by excessive targeted molecular mod-
ification, 20% DHA modified nanopompons were selected as the
final preparation.

Then different kinds of cellular uptake inhibitors were used to
further verify the role of DHA and explore the uptake pathway of
nanopompons. Results showed that 10 mmol glucose can signifi-

cantly inhibit the cellular uptake by saturating GLUT1 on the cell
surface. Filipin has a comparable effect as glucose, which indicates
that the uptake of nanopompons by MDA-MB-231 cells is mainly
via a caveolin-mediated mechanism. Colchicine also has a certain
inhibitory effect, indicating that some of the nanopompons can be
taken up through pinocytosis. Phenylarsine oxide showed inhibi-
tory effect to some extent””*® (Fig. 3B). The same conclusion was
obtained by flow cytometry quantitative test (Fig. 3E).

3.3.  Significant anti-miR21 knockdown at the molecular level and
low toxicity of DHA-modified anti-miR21 nanopompons were proved
in vitro

After incubation with nanopompons for 48 h, the level of miR21
was analyzed by real-time quantitative PCR. As shown in Fig. 4A,
DHA-nanopompons have significantly reduced miR21 levels.
Non-targeting preparation also down-regulated miR21 expression
by nearly 50% probably because of the much longer incubation
time compared with cellular uptake experiment in vitro. However,
this effect was significantly dissipated in in vivo experiments
(Fig. 6D). The expression of downstream target tumor suppressors
of miR21-PTEN and PDCD proved the function of miR21.
Increased expression of PTEN and PDCD4 at both mRNA and
protein levels were correlated with the down-regulated miR21
expression level of the treatment group (Fig. 4B and C).
Autophagy could sequester most nanomaterials and transport them
to lysosomes for degradation’®?>*". The relationship between
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(B) Possible endocytosis pathway of anti-miR21 NPs study. Blocked by different inhibitors including: control; p-glucose (10 mmol/L); filipin
(0.5 pg/mL); phenylarsine oxide (0.4 pg/mL); and colchicine (1 pg/mL). Scale bars represent 100 pm. (C) and (D) represent flow cytometry results

of (A) and (B), respectively.

nanopompons and autophagy was tested by acridine orange (AO)
staining (Supporting Information Fig. S3). The maximum red
autolysosome was caused by DHA-nanopompon, indicating that
nanopompons could induce autophagy in cancer cells. Therefore,
autophagy was demonstrated to be involved in the degradation of
nanopompons3 =34,

Cell viability test showed that both (DHA-)PEG-pOEI and
nanopompons were proved to be low-cytotoxicity in high
concentration and no cytotoxicity was observed in effective
concentration (0.1 pg/pL). Nanopompons have lower cytotoxicity
than (DHA-)PEG-pOEI because same concentration of the
preparation contains less (DHA-)PEG-pOEI (Fig. 4D).

3.4.  Real-time fluorescence imaging in animal models

In order to evaluate tumor-targeting of anti-miR21 nanopompons,
red BODIPY-labelled nanopompons were systemically administered

into orthotopic TNBC-bearing mice via the tail vein. Images of
normal tissues, organs, and tumors were taken after 4, 8 and 12h
(Fig. 5A), showing that DHA-targeting anti-miR21 nanopompons
specifically accumulated in the tumors, and little accumulation was
observed in healthy tissues and organs (Fig. 5A). Image of isolated
organs (heart, liver, spleen, lung and kidney) and tumors was taken
12 h after administration, showing that DHA-targeting nanopom-
pons can significantly improve tumor accumulation comparing with
non-targeting nanopompons (Fig. 5B). Meanwhile, 3D real-time
image of DHA-targeting group showed a significative signal at the
tumor site (Fig. 5C).

3.5.  Effective antitumor therapeutic efficacy of DHA-modified
anti-miR21 nanopompons on TNBC model nude mice

Orthotopic TNBC-bearing nude mice model were constructed using
MDA-MB-231 cells. When nanopompons were administered via the
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tail vein every 3 days, we measured the tumor size and assessed
whether the systemically delivery of DHA-targeting anti-miR21
nanopompons can down-regulate miR21 and inhibit tumor growth
(Fig. 6A). Tumor growth is noticeably inhibited after nanopompons
injection compared with control group, and non-modified anti-miR21
nanopompons can also help tackling TNBC, but modification
significantly enhanced the effect. After the TNBC model nude mice
were treated with DHA-modified anti-miR21 nanopompons, body
weight changed slightly (Fig. 6B). In order to confirm miR21
knockdown in vivo at the molecular level, tumor tissues were excised
and lysed. The miR21 expression level was quantified by qRT-PCR
assay (Fig. 6D), and the expression level of PTEN and PDCD4 was
examined by gRT-PCR (Fig. 6C) and Western blot assay (Fig. 6E).
Experimental evidence showed that tumors treated with DHA-
targeting anti-miR21 nanopompons have reduced miR21 levels
compared to control group. The knockdown of miR21 expression
level was associated with increased expression of PTEN and PDCD4
at the mRNA and protein levels comparing with the control groups.
In addition, DHA-targeting anti-miR21 nanopompons treatment could
reduce cell proliferation in the tumor tissue (Fig. 6F), which could be

visualized by decreased Ki67 staining. It could also induce tumor cell
apoptosis, which could be visualized by increased cleaved caspase-3
level compared with the control groups. No significant systemic
toxicity was observed according to H&E staining results (Supporting
Information Fig. S4).

4. Discussion

In this research, MDA-MB-231 cell line, which comes from
TNBC, a typical aggressive breast cancer type with the absence
of progesterone receptor, estrogen receptor, and human epidermal
growth factor receptor 2, was chosen as cell model. Patients with
TNBC are poorly responsive to chemotherapy and easy to cause
the tumor recurrence of the spread of cancer cells and metastasis,
which leads to poor prognosis and short survival®**>. The great
potential of gene therapy strategies for TNBC therapy tantalized
scientists in the last few years, as for miR21, it is a widely
recognized target gene for TNBC treatment™®. In the previous
studies of other investigators, naked anti-miR21 three-way
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junction (3WJ) motif’, nanocapsules carrying antisense of
miR21°° and other subtle designs'® were established. However,
most of these studies still face the poor delivery efficiency.

Antisense miR21 oligonucleotide with sequence-specific bind-
ing ability has been identified as an advanced inhibitor to silence
miR21%7. Therefore, with the use of RCT, we designed a
pompom-like nanoparticle carrying a half million tandem copies
of therapeutic strands (antisense miR21 oligonucleotide) to
improve delivery efficiency.

However, compared with previous work, in which siRNA
sequences were transcribed using RCT'®, the nanosphere contain-
ing anti-miRNA strands was much more unstable (Fig. 2C).
In vitro stability test showed naked nanosphere could not remain
stable when reaching tumor site (Fig. S1A), because arge particle
size (about 500 nm) is also not conducive to its penetration in the
tumor site. Therefore, it is essential to protect, compress and
embellish the naked nanosphere.

For protection and compression, disulfide-bonded polyethylenei-
mine (pOEI) was designed. After nanospheres were wrapped and
compressed, they become physiologically stable (Fig. S1B), and
much smaller (about 100 nm) which are more suitable for tumor
treatment. To further improve tumor accumulation, the nanopom-
pons were modified with dehydroascorbic acid (DHA), which has
been used by many drug delivery systems to improve tumor
targeting’ %, From previous research, too many targeting small
molecules once modified may affect stability of nanoparticles
in vivo, and DHA is no exception. With comprehensive considera-
tion of its ability to promote tumor cell accumulation, 20% DHA-
modified nanopompons were selected as optimized preparation.

In this study, we exploited 3 components: inherent enzyme-
responsive nanospheres, GSH-responsive outer-layer-releasing
materials, and tumor-accumulating small molecules. Three com-
ponents were combined organically and the formulation was
optimized to achieve better drug efficacy. Compared with previous
studies, nanoparticles accumulated much faster (in 2 h) in tumor
accumulation, and achieved similar tumor accumulation in the case
of halving RNA dose, which is related to RCT method. It is
inseparable from the special properties of the nanospheres
constructed by the RCT and the protection and modification of
the materials.

5. Conclusions

Based on the overexpression of miR21 in tumor cells, nanopom-
pons capable of down-regulating mir21 were designed to effi-
ciently deliver a large number of anti-miR21 sequences and
improve stability of RNA drug. Small molecule DHA with the
capacity of tumor accumulation was designed based on the
overexpression of GLUT1 modified on the surface of nanopom-
pons in the tumor microenvironment. DHA-modified anti-miR21
nanopompons demonstrated outstanding TNBC accumulation,
miR21-down-regulating and anti-TNBC therapeutic effect, which
indicated the successful delivery of abundant therapeutic genes for
an efficient TNBC-targeting RNAI therapy.
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