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Triple-negative breast cancer (TNBC) is highly aggressive with a
poor prognosis because of a lack of cell markers as drug targets.
a9-Nicotinic acetylcholine receptor (nAChR) is expressed abun-
dantly in TNBG; thus, it is a valuable biomarker for TNBC detec-
tion and treatment. In this study, we utilized thermodynamically
stable three-way junction (3W]) packaging RNA (pRNA) as the
core to construct RNA nanoparticles with an «9-nAChR RNA
aptamer as a targeting ligand and an anti-microRNA-21
(miR-21) as a therapeutic module. We compared the configura-
tion of the two RNA nanoparticles and found that 3WJ-B-a9-
nAChR-aptamer fluorescent RNA nanoparticles (3WJ-B-a9-
apt-Alexa) exhibited better specificity for a9-nAChR in TNBC
cells compared with 3WJ-C-a9-nAChR. Furthermore, 3WJ-B-
a9-apt-Alexa bound more efficiently to TNBC patient-derived
xenograft (PDX) tumors than 3WJ fluorescent RNA nanopar-
ticles (3WJ-Alexa) with little or no accumulation in healthy or-
gans after systemic injection in mice. Moreover, 3WJ-B-a9-
nAChR-aptamer RNA nanoparticles carrying anti-miR-21
(3WJ-B-a9-apt-anti-miR-21) significantly suppressed TNBC-
PDX tumor growth and induced cell apoptosis because of
reduced miR-21 gene expression and upregulated the phospha-
tase and tensin homolog (PTEN) and programmed cell death 4
(PDCD#4) proteins. In addition, no pathological changes were
detected upon toxicity examination of treated mice. In conclu-
sion, the 3WJ-B-a9-nAChR-aptamer RNA nanoparticles estab-
lished in this study efficiently deliver therapeutic anti-miR-21,
indicating their potential as a novel TNBC therapy.

INTRODUCTION

Breast cancer (BC) is the most common cancer diagnosis in women
and the leading cause of cancer death worldwide." Among the four
BC subtypes determined by the presence of hormone receptor (HR)
and epidermal growth factor receptor 2 (HER2), triple-negative BC

(TNBC) accounts for 10%-15% of the total number of BC patients
and has the worst prognosis.”* Therefore, there is an urgent clinical
need for a valuable biomarker combined with more effective targeted
therapy to improve the survival rate of TNBC patients. Accumulating
evidence links high BC risk to the smoking status of active and passive
smoking in females, even if there is a long literature controversy.*”’
However, nicotine, the primary addictive substance in tobacco,
has been shown to promote tumorigenesis, metastasis, and drug resis-
tance by interacting with nicotinic acetylcholine receptors (nAChRs)
to transduce various signaling cascades.”” Our previous study showed
that the mRNA of a9-nAChR was overexpressed in BC tissue,
especially in patients with smoking-related and advanced BC, suggest-
ing that 29-nAChR plays a crucial role in breast tumorigenesis.''' An
in vivo study also showed that the high expression of «9-nAChR
in TNBC tumors is closely related to the propensity for distant metas-
tasis, implying that «9-nAChR is critical for mediating TNBC metas-
tasis.'” Furthermore, specific 29-nAChR antagonists show therapeu-
tic potential to inhibit BC growth and metastasis by inhibiting
29-nAChR activity.'' These experimental results endow ¢.9-nAChR
with an essential role as a biomarker and potential therapeutic target
for BC therapy.
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The biological function and regulation of ribonucleic acid (RNA),
including coding RNA (mRNA) and non-coding RNA (ncRNA),
play critical roles in living organisms.'>'* RNAs are characterized
by sequence simplicity, structural diversity, and functional diversity,
which are critical for constituting multiple RNA moieties such as re-
ceptor-binding aptamers, small interfering RNAs (siRNAs), micro-
RNAs (miRNAs), ribozymes, and riboswitches.'>'® With advances
in nanotechnology, many synthetic RNAs have been generated as
drug carriers, making them attractive candidates for therapeutic
purposes.'”'” RNA nanotechnology was first proposed in 1998,
demonstrating that redesigned phage phi29 packaging RNA
(pRNA) molecules can self-assemble from the bottom up to form
RNA dimers, trimers, tetramers, and hexameric complexes to
construct RNA nanoparticles.zn Nowadays, the dynamic, motile,
and deformative properties of RNA are well known and used in
extensive applications; many RNA nanoparticles with different
functions in drug delivery, gene regulation, and molecule sensing
can be structurally computed and designed in advance, easily con-
structed at nanoscale, and rapidly modified by several innovative
methods.”’ ** The elastic and rubber properties of RNA nanopar-
ticles enable them to easily squeeze out the leaky blood vessels
within tumor angiogenesis and rapidly across the glomerular in
the kidney to excrete in urine.”* The incorporated ligands in RNA
nanoparticles further improve biodistribution, which enables more
efficient targeting for solid tumors.”® These advantages of RNA
nanoparticles contribute to the mature field of therapeutic RNA
nanotechnology and position RNA therapeutics as the third mile-
stone in pharmaceutical drug development. However, there are still
some concerns, with barrier penetration, material toxicity, immuno-
genicity, scalability, and unified guidance documents of synthesis
and characterization remaining challenges in this field.”* "

RNA aptamers are single-stranded RNA oligonucleotide sequences
capable of binding to specific targets with high affinity and specificity
because of their three-dimensional structure.”””> nAChR RNA ap-
tamers isolated from human muscle cells using the systematic evolution
of ligands by exponential enrichment (SELEX) technique were initially
divided into two classes based on their function: class I aptamers directly
inhibit nAChRs, and class I aptamers alleviate noncompetitive inhibi-
tion of the receptor.”®° Direct blockade of x9-nAChR activity by spe-
cific antagonists has an inhibitory effect on BC progression, suggesting
that class I aptamers may be more valuable than class II aptamers for
treating BC. However, the major disadvantage of RNA aptamers is
that they are susceptible to rapid degradation, leading to poor Pharma-
cokinetic/Pharmacodynamic(PK/PD) properties in vivo.’® To over-
come this challenge, we developed a chemically and thermodynamically
stable three-way junction (3WJ) motif derived from 2'-deoxy fluoro
(2'-F)-modified pRNA as a core scaffold to connect different functional
modules and constructed various polymerizations of RNA nanopar-
ticles, rendering them biologically stable and able to retain their native
folding properties in animals.***”** Furthermore, through specific tu-
mor-targeting RNA aptamers, these ultra-stable 3WJ-pRNA nanopar-
ticles can effectively deliver different cargoes, such as fluorophores,
chemical drugs, ribozyme, siRNA, and anti-miRNA, into the desired
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cells without affecting the function of incorporated modules.””**

Therefore, this critical property allows 3WJ-pRNA RNA nanoparticles
to be developed quickly and be incorporated extensively into various
cancer therapies, especially novel RNAi therapeutics.*> **

miRNAs are small endogenous ncRNAs that regulate multiple target
genes by binding to imperfectly complementary sites in the 3’ un-
translated region (3’ UTR).* miR-21 is an oncogenic miRNA that
plays a vital role in tumor growth, apoptosis, and metastasis by down-
regulating tumor suppressors such as phosphatase and tensin homo-
log (PTEN) and programmed cell death 4 (PDCD4).°°>* Further-
more, miR-21 inactivation has also been demonstrated to induce
tumor regression and apoptosis, which offers excellent potential for
cancer therapy strategies.”” >> However, a major barrier to developing
therapeutic anti-miRNAs as anticancer drugs is precise delivery into
tumors without adverse effects on healthy tissues.”® To address these
issues, an 8-nt (5'-GATAAGCT-3') locked nucleic acid (LNA) com-
plementary to the miR-21 seed region has been used to improve the
stability and affinity of anti-miRNA.>” Moreover, the additional folate
acid and specific aptamers, such as EGFR, linked to 3WJ-pRNA
nanoparticles have been demonstrated to facilitate delivery of anti-
miR-21 LNA and silence miR-21 in various solid tumors, including
TNBC,* % GBM,>>*" and prostate cancer.”

In this study, we used the stable pRNA-3WJ motif as a core scaffold
combined with the 9-nAChR RNA aptamer to construct RNA nano-
particles to accurately deliver fluorescent moieties and therapeutic
anti-miRNAs to TNBC cells and patient-derived xenografts
(PDXs). We observed that the 29-nAChR RNA aptamer combined
with 3WJ RNA nanoparticles could effectively direct therapeutic
anti-miR-21 LNA into TNBC tumors and therefore holds promise
as a novel BC therapy for clinical application.

RESULTS

The 9-nAChR RNA aptamer specifically targets «9-nAChR in
TNBC cells

Our previous study demonstrated that overexpression of 29-nAChR
protein in BC cells can induce BC tumorigenesis. Therefore, specific
targeting of @9-nAChR protein by an RNA aptamer has potential for
developing novel TNBC drugs. The designed 29-nAChR-RNA ap-
tamer>’ was labeled with a red-emitting fluorophore (Alexa 647) to
form a fluorescent 29-nAChR RNA aptamer (named a:9-apt-Alexa),
and we evaluated its ability to target TNBC cells (Figure 1A). Human
TNBC cells (MDA-MB-231) were treated with a9-apt-Alexa for
various times. Results from confocal microscopy showed that a9-
apt-Alexa bound to a9-nAChR on the membrane of TNBC cells
(MDA-MB-231) as early as 5 min after treatment (Figure 1B, green
arrow). To confirm the specific binding of a9-apt-Alexa to a9-
nAChR, cells treated with a9-apt-Alexa were harvested for immuno-
fluorescence using an a9-nAChR-specific antibody and detected by a
goat anti-rabbit rhodamine-labeled secondary antibody. The strength
of the interaction between a9-apt-Alexa and the a9-nAChR-specific
antibody demonstrated specific binding of a9-apt-Alexa to a9-
nAChR, as detected by fluorescence resonance energy transfer
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(FRET) (Figure 1B). a9-apt-Alexa could be seen interacting with the
29-nAChR-specific antibody, and a significant FRET signal was de-
tected when a9-apt-Alexa was added to MDA-MB-231 cells for 1-
4 h (Figure 1B, yellow arrow). The process of a9-apt-Alexa targeting
living cells was observed by live-cell real-time laser confocal micro-
scopy. The results showed that a9-apt-Alexa could bind to the
TNBC cell membrane (MDA-MB-231) within 5 min, enter the cell
for about 1 h, and remain there for at least 4 h (Figure 1C, yellow ar-
rows; video at https://youtu.be/PnPB7tDGYrs). Under the same
experimental conditions, we stained the nuclei of living cells with
Hochest 33342, and the results showed that a9-apt-Alexa bound to
the cell membrane in 5 min; noticeable observation results could be
obtained in 1 h, and it entered the cell after 4 h (Figure 1D, yellow ar-
rows; video at https://youtube.com/v=NLOttMXyAsA). These results

Figure 1. Targeting and internalization of the «9-
nAChR RNA aptamer in TNBC cells
(A) The schematic shows the sequence of the a9-nAChR

a9-apt-Alexa
RNA aptamer labeled with Alexa 647 (top) and the fluo-
rescent staining strategy for detecting the FRET signal be-
aImAchR tween a9-nAChR and «9-apt-Alexa (bottom). The «9-
nAChR proteins are detected using antibodies specific to
anti-o.9 Ab a9nAchR and labeled by a secondary rabbit antibody with

rhodamine (Rho; green dots). (B) Time-dependent fluores-
cence and FRET images in MDA-MB-231 cells after a9-apt-
Alexa treatment. Scale bar, 25 pm. The red/blue spectrum
represents the intensity of FRET efficiency. Yellow
arrows indicate a positive FRET signal. (C and D) Time-
lapse fluorescence live-cell images of MDA-MB-231 cells
after a9-apt-Alexa treatment. Yellow arrows indicate
internalization of «9-apt-Alexa. Hochest 33342 is a
nuclear indicator (blue) (D). Scale bars, 50 um (C and D).

anti-Rabbit-Rho

Zoom in

indicated that the designed a9-apt-Alexa could
specifically bind to a9-nAChR on the TNBC
cell membrane.

Synthesis of multivalent 3WJ-«9-nAChR
aptamer RNA nanopatrticles targeting «9-
nAChR in TNBC cells

As mentioned above, a9-apt-Alexa has a specific
molecular targeting effect, but the stability of
unmodified single-stranded RNA is usually poor.
According to our previous findings, the stability,
penetration, and biosafety of 3WJ RNA nanopar-
ticles to conjugate various functional RNA mole-
cules with chemical drugs are superior to single-st-
randed RNA.”” We then synthesized a multivalent
3WJ-29-nAChR aptamer RNA nanoparticle using
a red-emitting fluorophore (Alexa 647) as a bio-
distribution indicator. We verified the binding af-
finity of the 3WJ-09-nAChR aptamer RNA nano-
particles based on binding of the ®9-nAChR RNA
aptamer to the 3W]J branch position. We named
them 3WJ-B-a9-apt-Alexa (Figure 2A, left) and
3WJ-C-a9-apt-Alexa (Figure 2A, right). MDA-MB-231 cells were
treated with 3W]J-B-a9-apt-Alexa or 3WJ-C-a9-apt-Alexa for 1 h. Cells
were harvested and subjected to immunofluorescence (IF) staining and
FRET analysis using an a9-nAChR-specific antibody according to the
technical principle in Figure 1. The results showed that, compared
with 3WJ-C-ua9-apt-Alexa, 3WJ-B-a9-apt-Alexa bound to a9-nAChR
presented a significantly stronger FRET signal on the TNBC cell mem-
brane (Figure 2B, right, yellow arrow). Further observations by live-cell
system and real-time laser confocal microscopy showed that both RNA
nanoparticles could bind to the cell membrane and stay for more
than 1 h (Figure 2C, left, yellow arrow; videos at https://youtu.be/
WId9UZT4TEM, https://youtu.be/3xANvOh9JVs). However, 3WJ-B-
a9-apt-Alexa entered more efficiently and stayed in the cell for 4 h (Fig-
ure S1). Flow cytometry analysis was performed to confirm whether the
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Figure 2. The specificity and binding affinity of
multivalent 3WJ-29-nAChR aptamer RNA
nanoparticles in TNBC cells

(A) The schematic demonstrates the synthesis of multivalent
3WJ-a9-nAChR RNA aptamer-Alexa RNA nanoparticles. (B)
Left: Schematic showing the fluorescent staining strategy for
detecting FRET signals between a9-nAChR and 3WJ-B-a9-
apt-Alexa (top) and 3WJ-C-a9-apt-Alexa (bottom), respec-
tively. Right: FRET and fluorescence images in MDA-MB-231
cells after treatment with 3WJ-B-a.9-apt-Alexa (top) or 3WJ-
C-a9-apt-Alexa (bottom). Yellow arrows indicate a positive
FRET signal. The red/blue color spectrum represents the
intensity of FRET efficiency. (C) Time-lapse fluorescence
live-cell images of MDA-MB-231 cells after treatment with
3WJ-B-a9-apt-Alexa (left) or 3WJ-C-a9-apt-Alexa (right).
Scale bars, 25 ym (B and C). Yelow arrows indicate
internalization of RNA nanoparticles. (D) The binding affinity
of 3WJ-B-a9-apt-Alexa (blue) and 3WJ-C-a9-apt-Alexa
(green) to «9-nAChR proteins in treated MDA-MB-231 cells
was detected by flow cytometry. n 3 independent
samples. Data are presented as mean + SEM. Statistical
analysis was performed using a two-tailed unpaired t test.
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FRET analysis. To confirm the specific binding
site between 3WJ-B-a9-apt-Alexa and 29-nAChR
protein in TNBC cells, we selected a commercially
available 29-nAChR antibody that can recognize
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specific antibody, the interaction between 3WJ-B-
a9-apt-Alexa and the a9-nAChR-specific anti-
body was detected by FRET analysis using laser
confocal microscopy (Figure 3A). The results
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efficiency of these two RNA nanoparticles binding to a9-nAChR and
entering cells is different within 1 h, and the results showed that
3W]J-B-a9-apt-Alexa is more efficient at entering living cells (3W]-B-
a9-apt-Alexa vs. 3WJ-C-a9-apt-Alexa, p = 0.0363) (Figure 2D). Our re-
sults showed that 3WJ-B-a9-apt-Alexa RNA nanoparticles are the
optimal structure because they have more efficient entry into TNBC
cells and better a9-nAChR-specific targeting on cell membranes
compared with 3WJ-C-a9-apt-Alexa.

The 3WJ-B-a9-apt-Alexa RNA nanoparticles specifically target
the N-terminal domain of «9-nAChR in TNBC cells

To verify the specificity of 3WJ-B-a9-apt-Alexa RNA nanoparticles
targeting 9-nAChR in TNBC cells, we synthesized 3W]J-Alexa
RNA nanoparticles (3WJ-Alexa) as a negative control group for
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showed that the increase in 3WJ-B-a9-apt-Alexa
concentration significantly intensified TNBC
cells’ FRET signal (Figure 3A, top, yellow arrow)
compared with 3WJ-Alexa, which had no signifi-
cant change (Figure 3A, bottom, white yellow).
We then adjusted the ratio of the 29-nAChR-spe-
cific antibody (Figure 3B) during IF staining. The interaction strength
between 3WJ-B-a9-apt-Alexa and a9-nAChR-specific antibodies on
TNBC cells was then evaluated by the FRET technique (Figure 3B).
The results showed that, when the concentration ratio of the a9-
nAChR-specific antibody increased, it enhanced the FRET activity
signal (Figure 3B, top, yellow arrow), while 3WJ-Alexa remained un-
changed (Figure 3B, bottom, white arrow). After inhibiting expression
of 29-nAChR in TNBC cells by siRNA, the FRET activity signal be-
tween 3WJ-B-a9-apt-Alexa and the a9-nAChR-specific antibody in
the TNBC cell membrane was significantly inhibited (Figure 3C, yel-
low arrow), which indirectly indicates that there is an interaction be-
tween 3WJ-B-a9-apt-Alexa and 29-nAChR in TNBC cells. In addi-
tion, 3WJ-B-a9-apt-Alexa could also specifically target a9-nAChR
on HER2+ (SKBR-3) BC cell membranes compared with 3WJ-Alexa
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Figure 3. The 3WJ-B-«9-apt-Alexa RNA nanoparticles
specifically target «9-nAChR in TNBC cells

5nM 20 nM 2'Ab alone 1:400

FRET
FRET

Merge
Merge

(Aand B) FRET and fluorescence images in MDA-MB-231 cells
after treatment with 3WJ-B-a9-apt-Alexa (top) or 3WJ-Alexa
(bottom) according to the specified dose of nanoparticle
(A) or anti-e9 antibody (B). Scale bar, 25 pm. Yellow and
white arrows indicate the FRET signals between #9-nAChR
and 3WJ-B-u9-apt-Alexa or 3WJ-Alexa, respectively. The
red/blue color spectrum represents the intensity of FRET
efficiency. (C) FRET images in MDA-MB-231 wild-type, o9-
nNAChR-siRNA and «9-nAChR-scRNA transfected cells after
treatment with 3WJ-B-a9-apt-Alexa. Green, a9-nAChR; red,
3WJ-B-a9-apt-Alexa; cyan, GFP+ cells. Scale bars, 50 um
(BandC).
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had a stronger fluorescent signal than 3WJ-Alexa
in the tumor area of the mice 2 h post injection
(3WJ-B-a9-apt-Alexa vs. 3W]J-Alexa, p = 0.0495)
(Figure 4A, the blue circle indicates the tumor).
Ex vivo images of the tumor and healthy organs
in each group harvested from mice 8 h post injec-
tion were used to analyze the accumulation of fluo-
rescent RNA nanoparticles by IVIS using the
following excitation and emission filters: 640 and
680 nm, respectively. Quantitative analysis of
each organ in fluorescence images was performed
by measuring the average radiant efficiency in

(Figure S2). Therefore, these results confirmed the specificity of 3W]J-
B-09-apt-Alexa RNA nanoparticles targeting 29-nAChR in TNBC
cells.

Direct observation of 3WJ-B-a9-apt-Alexa RNA nanoparticles
targeting TNBC-PDX tumors in vivo

Next, the in vivo tumor targeting and quantitative biodistribution of the
3WJ-B-a9-apt-Alexa RNA nanoparticles were evaluated. After 3WJ-B-
a9-apt-Alexa, 3WJ-C-a9-apt-Alexa, and 3WJ-Alexa were systemically
injected into non-obese diabetic, severe combined immunodeficiency,
interleukin-2R (IL-2R), gamma-null (NSG) mice (n = 3) with TNBC-
PDX tumors by tail vein, optical imaging was performed using the
In Vivo Imaging System (IVIS) 200 to continuously observe the distri-
bution in the whole body. The results showed that 3WJ-B-a9-apt-Alexa

the defined area. The images and quantitative anal-
ysis showed that 3WJ-B-a9-apt-Alexa accumu-
lated significantly in the tumors and were higher
than in other organs, while 3WJ-Alexa remained
heavily in the kidneys (tumor: 3WJ-B-a9-apt-
Alexa vs. 3W]J-Alexa, p = 0.0218; kidneys: 3WJ-
Alexa vs. 3WJ-C-a9-apt-Alexa, p = 0.0216) (Fig-
ure 4B). Additionally, we normalized the radiance
efficiency of each RNA nanoparticle-treated organ
against its organ weight to ensure an equivalent co-
mparison between each group to more accurately
verify our findings (tumor: 3WJ-B-a9-apt-Alexa
vs. 3WJ-Alexa, p = 0.0293; kidneys: 3WJ-Alexa
vs. 3WJ-B-a9-apt-Alexa, p = 0.0307; 3WJ-Alexa vs. 3WJ-B-a9-apt-
Alexa, p = 0.0169) (Figure S3). These tumors were stained with a9-
nAChR-specific antibodies and then analyzed by FRET to measure
the interaction strength of 3WJ-B-a9-apt-Alexa and a9-nAChR. The
results showed that 3WJ-B-a9-apt-Alexa could specifically bind to
a9-nAChR in TNBC tumors (Figure 4C). The overall results confirmed
that the 3WJ-B-a9-apt-Alexa RNA nanoparticles could effectively and
specifically target TNBC tumors in vivo.

3WJ-B-29-nAChR aptamer RNA nanoparticles delivered anti-
tumor drugs to inhibit TNBC cell growth

We further tested whether 3WJ-B-a9-nAChR aptamer RNA nanopar-
ticles can be used as a specific targeting molecule in vivo to carry anti-
cancer drugs to attack TNBC tumors and produce therapeutic effects.

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 355


http://www.moleculartherapy.org

3WJ-C-09

A 3WJ-B-a9
L apt-Alexa

a apt-Alexa

m3WJ-Alexa W PBS

Avg radlant efflency (x1 03)

Molecular Therapy: Nucleic Acids

Figure 4. In vivo biodistribution of 3WJ-B-«9-apt-
Alexa RNA nanoparticles in mice with TNBC-PDX
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(A) Whole-body images (left) and quantitative analysis of
tumor area (right) in TNBC-PDX tumor-bearing mice 2 h
after tail vein injection of 3WJ-B-a9-apt-Alexa, 3WJ-C-a.9-
apt-Alexa, and 3WJ-Alexa (2 pmol/L solution at 100 plL) with
PBS as a negative control. (B) Representative ex vivo im-
ages (left) and quantitative analysis (right) in tumors and
major organs of 3WJ-B-a9-apt-Alexa, 3WJ-C-a9-apt-
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Many studies have shown that miR-21 plays a crucial role in human
tumorigenesis.”’ > Many studies have also shown that antisense oligo-
nucleotides targeting miR-21 inhibit tumor growth.” > Therefore, in
this study, an anti-miR-21 RNA sequence was incorporated into the B
chain of 3WJ-B-a9-apt to construct 3WJ-B-a9-apt-anti-miR-21 RNA
nanoparticles (3WJ-B-a9-apt-anti-miR-21; Figure 5A, left). A scram-
bled sequence of anti-miR-21 RNA was designed as a control (3WJ-
B-a9-apt-anti-scr; Figure 5A, right). Then, we assessed the cytotoxic ef-
fect by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium (MTT)
assay to determine the effective inhibitory concentration of these
RNA nanoparticles. The results showed that the half-maximal inhibi-
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L

A

Alexa, 3WJ-Alexa, and PBS 8 h post-injection into mice. T,
tumor; H, heart; L, liver; S, spleen; Lu, lung; K, kidney. Red-
yellow color scale: radiant efficiency (p s~' cm™2 sr™") (uW
cm~3)~". n = 3 biologically independent animals; statistics
were calculated by two-tailed unpaired t test and presented
as mean + SEM. *p < 0.05, **p < 0.001 (A and B). (C)
Fluorescence and FRET images of ex vivo RNA nano-
particle-treated TNBC-PDX tumors stained with «9-nAChR
antibodies (secondary antibodies labeled with Rho, green).
The red/blue color spectrum represents the intensity of
FRET efficiency. Scale bars, 50 pm.

tory concentration (ICs) of 3WJ-B-a9-apt-anti-

miR-21 was about 7.5 nM compared with more

than 100 nM for 3WJ-B-a9-apt-anti-scr as a con-
-, trol (Figure 5B). We then assessed the effect of
3WJ-B-a9-apt-anti-miR-21 on cell viability inhi-
bition using a trypan blue exclusion assay. The re-
sults showed that 3WJ-B-a9-apt-anti-miR-
21(>5 nM) significantly inhibited the survival of
MDA-MB-231 cells after 48 h of treatment
compared with the control group (3WJ-B-a9-
apt-anti-scr) (control vs. 5 nM, p = 0.002; control
vs. 7.5 nM, p < 0.0001) (Figure 5C). To confirm
no adverse effect in normal breast epithelial cells
by 3WJ-B-a9-apt-anti-m-R-21 treatment, we
evaluated the cytotoxic effect of 3WJ-B-a9-apt-
anti-miR-21 in the MCF-10A, MCF-12A, and
184A1 normal breast epithelial cell lines using an
MTT assay. The results showed no cytotoxic effect
in normal breast epithelial cells, even with a con-
centration of 3WJ-B-a9-apt-anti-miR-21 of
100 nM. However, only 1 nM 3WJ-B-a9-apt-
anti-miR-21 is enough to significantly inhibit proliferation of MDA-
MB-231 cells (control vs. 1 nM, p = 0.0135) (Figure S4). Furthermore,
a colony formation assay was performed to evaluate the long-term ef-
fect of 3WJ-B-a9-apt-anti-miR-21 treatment, and the results showed
that the number of colonies of «MDA-MB-231 cells treated by 3WJ-
B-a9-apt-anti-miR-21 was reduced significantly (3W]-B-a9-apt-anti-
miR-21 vs. PBS, p < 0.0001) (Figure 5D). To further verify the results
of successful silencing of miR-21 by 3WJ-B-a9-apt-anti-miR-21 treat-
ment, downstream target protein changes of miR-21 were detected by
western blot analysis. The result showed that PTEN, PDCD4, p27, and
p21 increased significantly and phospho-Akt decreased in 3WJ-B-a.9-
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A T T Figure 5. In vitro growth and survival inhibition effect
M%Jj of 3WJ-B-a9-apt-anti-miR-21 RNA nanoparticles in
3WJ-B-a.9-apt TNBC cells
(A) Schematic of 3WJ-B-a9-nAChR aptamer RNA nano-
3WJ-B-a9-apt-anti-miR21 3WJ-B-a9-apt-anti-scr particles carrying anti-miR-21 LNA or anti-scramble RNA. (B)
Evaluation of the half-maximal inhibitory concentration (ICsq)
Z % of 3WJ-B-a9-apt-anti-miR-21 (left) and 3WJ-B-a9-apt-anti-
scr (right) in MDA-MB-231 cells via MTT assay. (C) In vitro cell
growth inhibition effects of 3WJ-B-a9-apt-anti-miR-21 (left)
o . and 3WJ-B-a9-apt-anti-scr (right) in MDA-MB-231 cells via
B BW:B-a0-apt-anti-miR21 BWWUzB-a0-apt-anti-scr cell counting. (D) /n vitro cell survival inhibition of 3WJ-B-a9-
100 ICy;:7.47 nM 100 IC,;>100 nM apt-anti-miR-21 (green) and 3WJ-B-a9-apt-anti-scr (red) in
Z g0 Z 80— MDA-MB-231 via colony formation assay. The calculated
e 8% number of colonies (left) and images (right) are shown. n = 3
€S 4 gE 4
5 § 60 5 § 60 independent samples. Statistics were calculated by two-
;“6 40 | ;"6 40 H tailed unpaired t test and presented as mean = SEM
= X = * o ok,
B 504 S (p < 0.05, *p < 0.01, **p < 0.001).
2 2
0 T T I I I 1 0 I T T T T 1
0.001 0.01 01 1 10 100 1000 0.0010.01 0.1 1 10 100 1000
Concentrtion(nM) Concentrtion(nM)
every 2 days for a total of five doses by tail
(o] 3WJ-B-a.9-apt-anti-miR21 3WJ-B-a9-apt-anti-scr vein injection. The result showed that 3WJ-B-
= 80 = o a9-apt-anti-miR-21 had an excellent inhibitory
o o .
= 40 < 60 effect on tumor growth, while control groups
% o @ PBS X -@— PBS K
o @ 25nM o @ 25nv  formed faster-growing tumors (467.8 mm3 vs.
g 404 g 5nM Q40 50M 1838 mm’, p = 0.049) (Figure 6A). After RNA
£ —— 7.5nM € —\— 7.5nM . . . .
5 9 3 4 nanoparticle treatment, mice without weight
= c
3 3 loss were sacrificed, and tumors were removed
o0 (’) 2'4 4|8 oo ('J 2’4 4|8 for analysis (Figure S6). The results of gqRT-
) ) PCR analysis show that the 3WJ-B-a9-apt-anti-
Time(hours) Time(hours) . o .
miR-21 group had significantly lower miR-21
) gene expression than the control group (Fig-
D 9 30 Golany ForTit'on ASSaY Colony Formation Assay ure 6B). Western blot analysis of the downstream
———
< 25 3WJ-B-a9-apt  3WJ-B-a9-apt related protein changes of miR-21 showed that
3 2 = PBS -anti-scr Sant il PTEN and PDCD4 increased significantly and
5 5 3WJ-B-a.9-apt p27 and p21 increased only a little (Figure 6C),
2 10 -anti-sor [ suggesting that 3WJ-B-a9-apt-anti-miR-21 could
£ 5 ?;/:g:i}gg-fpt ‘ effectively deliver anti-miR-21 into TNBC tu-
< 0 mors. In addition, Ki67 IHC staining and a ter-

apt-anti-miR-21-treated MDA-MB-231 cells compared with the con-
trol group, but there was no noticeable protein change in the same three
treated normal breast epithelial cell lines (Figure S5). We confirmed
that 3WJ-B-a9-apt-anti-miR-21 RNA nanoparticles have a practical
growth-inhibitory effect on TNBC cells in vitro.

RNA nanoparticles specifically targeting the «9-nAChR aptamer
deliver anti-miR-21 for tumor growth inhibition in the TNBC-PDX
model

Bringing together the data above, we aimed to demonstrate the ability
of RNA nanoparticles to deliver and release miRNA to a solid tumor
for growth inhibition. The in vivo therapeutic effects of 3WJ-B-a.9-
apt-anti-miR-21 were evaluated using the TNBC-PDX mouse model.
NSG mice with TNBC-PDX tumors were administered 3WRNA]J-B-
o9-apt-anti-miR21 and 3WJ-B-09-apt-anti-scr at a dose of 8 mg kg™'

minal deoxynucleotidyltransferase-mediated

dUTP nick end labeling (TUNEL) assay showed
that the expression of Ki-67 and positive cells in the 3WJ-B-a9-
apt-anti-miR-21 group decreased compared with the PBS group,
while the TUNEL-positive area increased (Figure 6D), demonstrating
RNA nanoparticle drug-induced cell death effects. To evaluate in vivo
safety, the cardiac blood was collected from the mice for biochemical
analysis at the TMU hospital according to standard protocols. The
mice weight in each group was not changed, whereas the mice in
the 3WJ-B-a9-apt-anti-miR-21 group had high aspartate aminotrans-
ferase (AST) (Table 1). Therefore, the liver and kidneys were
dissected, and the pathological morphology was observed by hema-
toxylin and eosin (H&E) staining in each group; the results indicated
no toxic changes (Figure 6E).

In summary, this study confirmed that 3WJ-B-09-nAChR aptamer
RNA nanoparticles exhibit a favorable ability to specifically target o.9-
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Figure 6. In vivo therapeutic effect of 3WJ-B-a9-apt-
anti-miR-21 RNA nanopatrticles in TNBC-PDX mice

(A) NSG mice bearing TNBC-PDX xenografts were treated i.v.
with 3WJ-B-a9-apt-anti-miR-21 (green), 3WJ-B-a9-apt-anti-
scr (red), and PBS (black) every other day five times in total
(20 pumol/L solution, 100 uL, indicated by arrows). Tumor
volume (mm® and body weight (g) were monitored during
treatment. Representative images of BC tumors harvested
from mice after treatment are shown on the right. (B) In vivo
delivery of anti-miR-21 was analyzed by quantitative real-
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nAChR in TNBC in vitro and in vivo. Furthermore, 29-nAChR target-
ing with an anti-miRNA or siRNA strategy provided a significant ther-
apeutic effect to inhibit growth of TNBC and had no adverse effects on
essential organs in vivo.

DISCUSSION

TNBC patients have no specific target biomarkers compared with pa-
tients with other BC subtypes, resulting in non-response to most
small-molecule drug treatments, rapid deterioration, and shortened
survival.**" 09-nAChR is considered an oncogenic transmembrane
protein in BC."” In our past studies, we found that a:9-nAChR protein
was highly expressed in TNBC tumor tissues,'* lung adenocarcinoma,”
and melanoma.®” Therefore, in this study, for the first time, we used an
29-nAChR RNA aptamer as a specific targeting ligand combined with
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time PCR on mRNA isolated from 3WJ-B-a9-apt-anti-miR-
21-treated tumors. The endogenous control U6 snRNA
normalized the mRNA levels of miR-21. n = 4 independent
samples. Statistics were calculated by two-tailed unpaired t
test and presented as mean + SD (*p < 0.05, **p < 0.01,
comparing 3WJ-B-a9-apt-anti-miR-21 with 3WJ-B-a9-apt-
anti-scr and PBS, respectively). (C) Westemn blot examined
the downstream protein expression of PTEN, PDCD4, p21,
| and p27 resulting from miR-21 silencing in nanoparticle-
treated tumor extracts. Quantitative analyses are shown on
the right, using GAPDH as an internal control. n = 3
independent samples. Statistics were determined by two-
tailed unpaired t test and presented as mean + SEM
(*P < 0.01, *p =3.78 x 102 of PTEN and 1.67 x 1075 of
PDCD4 comparing 3WJ-Ba9-apt-anti-miR-21 with PBS).
(D) Tumor growth inhibition and apoptosis induction of 3WJ-
B-a9-apt-anti-miR-21 in TNBC-PDX tumor tissues. Cells
stained positively by Ki-67 IHC and TUNEL assay are
brown. (E) Histological examination of the organ toxicity of
3WJ-B-a9-apt-anti-miR-21 in the liver and kidneys by H&E
staining. Scale bars, 10 um (D and E).

3W]J pRNA nanoparticles to develop a novel ther-
apeutic strategy against TNBC tumors. Our previ-
ous research shows that «9-nAChR interacts with
many oncogenic proteins on the membrane of
BC cells®* and plays a role in nicotine’s proliferative
and anti-apoptotic effects by activating multiple
oncogenic pathways, such as Akt and ERK
signaling.”> In addition, recent research has provided evidence that
chronic exposure to nicotine can stimulate lung pre-metastatic niche
formation to promote lung metastasis of TNBC.®® According to our pre-
vious studies, 29-nAChR is the most validated nAChR subtype in BC
and plays an essential role in TNBC metastasis.'*'? Therefore, selective
antagonists targeting «9-nAChR may provide a promising therapeutic
strategy for preventing nicotine-induced lung metastasis. Based on this
rationale, our experiments found that the United States Food and Drug
Administration (FDA)-approved drug bupropion may be applied in
combination with existing therapeutic drugs and to design novel treat-
ment strategies for smoking-induced lung metastasis of TNBC pa-
tients.** In this study, we used screening methods to search potent in-
hibitors of 29-nAChR (e.g., fencamfamine, mitotane, and bupropion),
and bupropion was chosen because of its docking into an allosteric
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Table 1. Serum biochemical analysis of mice treated with RNA
nanoparticles

3WJ-B-a9-apt- 3WJ-B-a9-apt-
Markers(units) anti-scr anti-miR-21 PBS
Body weight (g) 21.03 + 0.00 21.10 + 0.25 21.44 £ 0.68
Albumin (g/dL) 4.43 £ 0.05 4.28 + 0.08 4.35 = 0.05
Globulin (g/dL) 1.28 £ 0.08 1.5+ 0.13 1.33 + 0.08
Total protein (g/dL) 5.70 £ 0.08 5.78 £ 0.16 5.68 + 0.08
BUN (mg/dL) 19.25 + 0.63 20.00 + 1.41 18.25 + 0.48
Creatinine (mg/dL) 0.30 = 0.00 0.35 + 0.03 0.30 £ 0.00
Uric acid (mg/dL) 2.20 £ 0.24 2.55+0.22 2.18 £ 0.10
ALP (U/L) 151.50 + 6.74 142.25 £ 3.97 135.50 + 3.33
AST (U/L) 263.25 + 42.80 732.00 + 188.20* 221.75 + 48.84
ALT (U/L) 37.00 = 5.26 143.50 + 60.63 37.75 + 2.96

Values are mean + SEM (n = 4/each group); *p\0.05, **p\0.01, ***p\0.001 versus the PBS
group, non-paired t test. BUN, blood urea nitrogen; ALP, alkaline phosphatase; AST,
aspartate aminotransferase; ALT alanine aminotransferase.

AST: 3WJ-B-a9-apt-anti-miR-21 vs PBS *p = 0.003936

binding site with the lowest binding energy in a binding model. We also
found that it effectively suppressed nicotine-induced cell invasion and
migration in vitro and reduced TNBC lung metastasis in vivo, making
it an attractive anti-metastasis agent for combination with chemo-
therapy agents or targeted therapies. More experimental studies on its
optimal dosage, safety, and potential drug interactions are still under
investigation. A similar study also found that the aO-conotoxin
GeXIVA inhibits TNBC cell proliferation by interacting with a9-
nACHR to cause cell-cycle arrest.”” These studies highlight the impor-
tance of #9-nAChR as a biomarker and therapeutic target in BC, espe-
cially for aggressive TNBC subtypes.®® In view of the results confirming
the carcinogenesis of @9-nAChR, this study used RNA aptamers to spe-
cifically target a9-nAChR in BC cells and designed 3WJ-pRNA nano-
particles containing therapeutic components. Our results suggest that
this drug is effective against TNBC and has therapeutic potential in pa-
tients with 29-nAChR-overexpressing tumors.

For drug-resistant tumors, in addition to the specific targeting effect,
the biosafety of the drug must also be a factor of consideration. The
29-nAChR RNA aptamer was discovered initially from the electro-
plax of Torpedo californica to compete with the cocaine-binding site
of muscle nAChR to attenuate the toxicity of drugs of abuse.”>**
Further studies found that the truncated 29-nAChR RNA aptamer
inhibited ®9-nAChR activity or alleviated the inhibitory effect of
MK-801 and cocaine on nAChR. However, the reduction in
sequence length led to a significant reduction in the biological activ-
ity of the RNA aptamer.”® A recent study reported that short
nAChR DNA aptamers also have activity similar to RNA aptamers
to displace cocaine from the muscle-type nAChR.®” Unlike the mea-
surement method of the dissociation constant in previous studies,
we directly verified the specific interaction between TNBC cells’
29-nAChR and the full-length 29-nAChR RNA aptamer by FRET
assay under laser confocal microscopy. The FRET assay can be

used to measure molecular dynamic interactions to detect complex
formation between protein-protein and protein-nucleic acids, whose
principle is similar to an electrophoretic mobility shift assay
(EMSA), and this method has been applicated in recent studies by
other research groups.”””" We further confirmed that RNA aptamer
internalization into TNBC cells increases with time (Figures 1B-
1D). However, according to past studies, although synthetic RNA
aptamers can precisely target receptors, their biological stability still
needs to be improved.% Therefore, to improve this defect, our team
confirms that stable 3WJ-pRNA nanoparticles can be an excellent
platform to improve RNA molecules’ thermodynamic and chemical
stability.””z“;’72 In addition, the 2’-F chemical modification of 3WJ-
pRNA-aptamer nanoparticles further enhanced the biostability

. c e 7374
against RNase degradation in wvivo.””’

the biological safety and stability of the drug in vivo, it is necessary
to precisely design the configuration of the RNA nanodrug so that it
has a specific targeting effect on @9-nAChR and establish a theoret-
ical basis for future drug design. Based on these principles, two
different structures of 3WJ-pRNA nanoparticles were designed in
this study, which contain a9-nAChR RNA aptamers and fluoro-
phores linking different branches to the 3WJ core (Figure 2A). By
mixing each strand at an equal molar concentration in a one-stop
self-assembly method, these RNA nanoparticles were constructed
with high efficiency, as shown in gel electrophoresis with stepwise
assembly of these complexes (Figure 7, right). Our dynamic light
scattering (DLS) analysis showed that the average hydrodynamic
diameter of 3WJ-C-a9-apt-Alexa and 3WJ-B-a9-apt-Alexa were
1552 + 498 nm and 15.62 + 4.76 nm, respectively, compared
with 4.40 + 1.41 nm for 3W]J-Alexa (Figures 7A-7C, left). The larger
nanoparticle sizes align with predictions because of the added a9-
nAChR aptamer but are still within a reasonable size range for
in vivo biodistribution. Furthermore, the zeta potential of 3WJ-
Alexa, 3WJ-C-a9-apt-Alexa, and 3WJ-B-a9-apt-Alexa was deter-
mined to be —14.8 + 10.32, —16.7 + 12.49, and —15.3 + 8.31,
respectively (Figures 7A-7C, center). The negative charge of these
RNA nanoparticles can prevent non-specific binding to normal cells
because of the anionic nature of the cell membrane.

Apart from considering

A previous study proposed that the orientation of molecularly targeted
RNA aptamers on 3WJ-pRNA nanoparticles affects their binding to
specific cells and alters their intracellular cargo transport.”” Our study
also found that the 29-nAChR RNA aptamer linked to the core B chain
of 3W]J exhibited higher specificity and faster internalization of a9-
nAChR on TNBC cells than the aptamer linked to the core C chain
(Figures 2B-2D). This study found that the 3WJ-B-a9-apt configura-
tion is more specific to TNBC. As the 3WJ-EGFRapt/anti-miR-21
and 3W]J/CDI133apt/anti-miR-21 RNA nanoparticles in previous
studies, the emerging drug showed high specificity and affinity for
TNBC cell binding.*"** Although these RNA aptamers as targeting li-
gands confer high cellular binding and specificity to the 3WJ-pRNA
nanoparticles, there were still some concerns about the undesired
non-specific targeting to receptor-negative or -low cells.”® To address
these concerns, reducing the expression of 9-nAChR in TNBC cells
by siRNA technology in TNBC cells inhibited the specific binding
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Figure 7. Characterization and construction of 3WJ
RNA nanoparticles carrying the «9-nAChR aptamer
linked to Alexa 647 or anti-miR-21

The size distribution (left) and zeta potential (center) of 3WJ-
Alexa (A), 3WJ-C-a9-apt-Alexa (B), 3WJ-B-a9-apt-Alexa
(C), B3WJ-B-a9-anti-scr (D), and 3WJ-B-a9-anti-miR-21 (E)
RNA nanoparticles by DLS measurements are shown. The
stepwise self-assembly (right) of all of these RNA nano-
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between 3WJ-B-a9-apt-Alexa and 29-nAChR (Figure 3C). Interest-
ingly, 3WJ-B-a9-apt-Alexa showed excellent specificity for a9-nAChR
in TNBC and HER2+ BC cells (Figure S2). The most crucial properties
of RNAi-based therapeutic agents are their in vivo tumor-targeting abil-
ity and safety.””””® 3WJ-pRNA nanoparticles carrying tumor-targeting
RNA aptamers and fluorophores have been shown to successfully
bind solid tumors without accumulating in healthy organs of treated
mice in past studies.*' **°°, Our results in this study also indicated
that 3W]J-B-a9-apt-Alexa RNA nanoparticles had binding specificity
to TNBC-PDX tumors with little or no accumulation in healthy organs
compared with 3WJ-Alexa RNA nanoparticles (Figures 4B and S3).
Given that the configuration of 3WJ-B-a9-apt RNA nanoparticles can
specifically bind to @9-nAChR, 3W]J-B-a9-apt RNA nanoparticles
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average hydrodynamic diameter using DLS and
were shown to be 16.19 + 524 nm and 15.77 +
4.86 nm in size with a zeta potential of —21.5 +
8.50 and —23.5 = 8.75 mV (Figures 7D and 7E,
— left and center), respectively, which is similar to
previous RNA nanoparticles. For therapeutic

assessment, 3WJ-B-09-nAChR aptamer RNA

nanoparticles carrying anti-miR-21 LNA significantly suppressed
TNBC-PDX tumor growth and induced cell apoptosis (Figure 6A
and 6D). Furthermore, our results here demonstrated that 3WJ-B-
a9-apt-anti-miR-21 RNA nanoparticle treatment significantly reduced
the gene level of miR-21 with upregulated PTEN and PDCD4 expres-
sion in TNBC tumor cells but did not affect normal breast epithelial
cells (Figures 6B, 6C, S4, and S5). As in our study on 29-nAChR,'°
the expression level of miR-21 is lower in normal breast tissue
compared with invasive BC.%*"% Thus, it is reasonable that 3WJ-B-
a9-apt RNA-anti-miR-21 RNA nanoparticles have no adverse effect
on normal breast epithelial cells. Importantly, no pathological changes
were observed in normal organs of 3WJ-B-a9-apt-anti-miR-21 RNA
nanoparticle-treated mice by biochemistry analysis of cardiac blood
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and histological examination of major organs. (Figure 6E; Table 1).
These findings revealed that 3WJ-B-a9-apt-anti-miR-21 RNA nano-
particles accurately silenced miR-21 in TNBC tumors without affecting
health.

In conclusion, we demonstrated that #9-nAChR RNA aptamers accu-
rately bind and internalize into TNBC cells. The 29-nAChR RNA
aptamers conjugated to 3WJ-pRNA motif core to form 3WJ-B-a9-
apt RNA nanoparticle provide 3WJ-pRNA nanoparticles’ function-
ality of high specific binding and rapid internalization into TNBC
cells. Compared with 3WJ-Alexa RNA nanoparticles without a9-
nAChR RNA aptamers, 3W]J-B-a9-apt-Alexa RNA nanoparticles
effectively targeted TNBC-PDX tumors and caused more substantial
tumor accumulation without spreading to other healthy organs in
mice. Moreover, in vitro and in vivo therapeutic evaluation further
found successful delivery of anti-miR-21 LNA for miR-21 inhibition
to suppress TNBC tumor growth by 3WJ-B-a9-apt-anti-miR-21
RNA nanoparticle treatment. In summary, 3WJ-B-a9-apt RNA nano-
particles have specificity for #9-nAChR to deliver therapeutic miRNA
into tumors, indicating their clinical potential for TNBC treatment.

MATERIALS AND METHODS

Cell line

MDAMB-231 (American Type Culture Collection [ATCC] HTB-26),
SKBR-3(ATCC HTB-30), MCF-10A (ATCC CRL-10317), MCF-12A
(ATCC CRL-10782), and 184A1 (ATCC CRL-8798) cells were pur-
chased from the ATCC (VA, USA) and cultured in Dulbecco’s modi-
fied Eagle’s medium/nutrient mixture F-12 medium (DMEM/F12;
Gibco, CA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, Amarillo, TX, USA) and 50 U/mL penicillin/strep-
tomycin/neomycin (PSN; Invitrogen, Waltham, MA, USA) in a 37°C
humidified incubator under 5% CO.,.

Design and source of RNA nanoparticles

All RNA nanoparticles were synthesized and bought from ExonanoRNA
(Columbus, OH, USA) and its subsidiary ExonanoRNA (Fo-shan)
Biomedicine. These 2'F-modified RNA nanoparticles included a:9-apt-
Alexa (190618-APT14-Alexa647, FR-353), 3WJ-B-a9-apt-Alexa (3WJ-
Balpha9, RNP-F40), 3WJ-C-a9-apt-Alexa (3W]J-alpha9C, RNP-F41),
3WJ-Alexa(3WJsf5-FL, RNP-F44), 3WJ-B-a9-apt-anti-scr (3WJsf5-
Balpha9-antiscr, RNP-Msc-14), and 3WJ-B-a9-apt-anti-miR-21 (3W]
sf5-Balpha9-anti21, RNP-M21-20). Detailed information on each
RNA sequence in these RNA nanoparticles is provided in Table SI.
The final synthesized RNA nanoparticles were assembled in alpha9 ap-
tamer binding buffer (145 mM NaCl, 5.3 mM KCl, 1.8 mM CaCl,,
1.7 mM MgCl,, 25 mM HEPES [pH 7.4]) by mixing each strand at the
same molar concentration, heated to 95°C for 5 min, cooled slowly to
4°C over 40 min, and then vacuum dried. They can then be resuspended
in DEPC-treated water for use.

Construction and characterization of assembled RNA
nanoparticles

Stepwise assembly of the RNA nanoparticles was verified by loading
for native 8% native polyacrylamide gel electrophoresis (PAGE)

running in 1x TBE (89 mM Tris-borate, 2 mM EDTA) buffer, stained
by ethidium bromide (EtBr), and visualized by Typhoon FLA 7000
(GE Healthcare) under a Cy5 channel.

The apparent hydrodynamic sizes and zeta potential of the assembled
RNA nanoparticles (1 uM) in alpha9 aptamer binding buffer were
measured by a Zetasizer Nano ZSP (Malvern Instruments, DKSH,
Taipei, Taiwan) with a laser wavelength of 633 nm at 25°C.

Binding and internalization assay

For the cell binding assay, 3WJ-B-a9-apt-Alexa and 3WJ-C-a9-apt-
Alexa RNA nanoparticles were incubated with MDA-MB-231 cells
at 37°C for 1 h before analysis by flow cytometry. The contents of
nanoparticles in live cells were detected with excitation at 640 nm
and emission at 680 nm. MDA-MB-231 cells were seeded in a 3-cm
glass Petri dish overnight to study internalization. Then, 3WJ-B-
a9-apt-Alexa and 3WJ-B-a9-apt-Alexa RNA nanoparticles were
added directly to cells in the live-cell system with a real-time laser
confocal microscope (DMI 6000B CS, Leica, Wetzlar, Germany).
Hochest 33342 was added for cell nucleus staining. The temperature
was set to 37°C throughout the experiment in a 5% CO, atmosphere,
following the manufacturer’s instructions. Live-cell images were ac-
quired synchronously using a 63 x oil objective to observe internali-
zation and cell entry with excitation at 640 nm and emission at
680 nm. Consecutive images were concatenated into video clips using
PowerDirector software and uploaded to YouTube.

IF staining and FRET assay

Cells were first seeded on glass coverslips and cultured at 37°C over-
night. Then, 3WJ-Alexa, 3WJ-B-a9-apt-Alexa, and 3WJ-C-a9-apt-
Alexa RNA nanoparticles (10 nM) were added and incubated at 37°C
for 1 h. After washing twice with PBS bulftfer, cells were fixed with 4%
formaldehyde for 20 min and blocked for 30 min with 2% bovine serum
albumin (BSA) at room temperature. Primary antibodies against
CHRNAS9 (PA5-46826, Thermo Fisher Scientific, IL, USA) were diluted
1:100 in PBS with 1% BSA and then incubated with the cells for 2 h at
room temperature. Subsequent AffiniPure goat anti-rabbit rhodamine
(111-025-144, Jackson ImmunoResearch, PA, USA) secondary anti-
bodies were diluted at 1:50 and incubated for 1 h at room temperature.
Samples were mounted with Vectashield Antifade Mounting Medium
(H-1000, Vector Laboratories, CA, USA) and imaged via confocal mi-
croscopy (DMI 6000B CS, Leica). For FRET analysis, the photobleach-
ing FRET method was established according to the manufacturer’s in-
structions (FRET Wizards in the Leica Application Suite) as described
in our previous paper.”* After acquiring the pre-bleached fluorescence
images of RNA nanoparticles and a9-nAChR-specific antibodies by
633- and 561-nm light lasers to excite fluorescent dyes, we then photo-
bleached the field at 633 nm by high-intensity light laser (100%) for
1 min and obtained a set of post-bleached fluorescence images. The
FRET efficiency can be estimated as follows: FRETeg= (Dpost — Dpre)/
Dyposts Where Dy, and Dy represent the donor fluorescence intensity
before and after photobleaching, respectively. The presence of FRET sig-
nals was eventually adjusted to FRET images within the FRET efficiency
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spectrum model based on the same background signals through the Le-
ica TCS SP5 confocal spectral microscope imaging system.

RNA interference

An 29-nAChR shRNA plasmid were used to knockdown the 29-nAchR
protein expression in MDA-MB-231 cells by electroporation transfec-
tion with a scrambled sequences of shRNA as a negative control. Primer
sequences were inserted into Bgl IT and Hin dIII-cut pSUPER vectors to
generate the pSUPER-Si 29-nAChR and pSUPER-scramble plasmids.
After trypsinization of cells, 1 x 10° cells were mixed with 5 pg
pSUPER-Sh-CHRNA9 and pSUPER-Sc-CHRNAY plasmids for elec-
troporation. Two pulses were applied for 30 ms under a fixed voltage
of 1.2 kV on an MP-100 pipette-type microporator (Digital Bio, Seoul,
Korea). The transfected cells were seeded on glass coverslips for IF stain-
ing. The primer sequences were as follows: pSUPER-Sh-CHRNA9Y sense
sequence, 5'-GATCCCCCACCAATGTGGTCCTGCGGTTCAAGAG
ACCGCAGGACCACATTGGTGTTTTTA-3'; pSUPER-Sh-CHRNA9
antisense sequence, 5-AGCTTAAAAACACCAATGTGGTCCTGC
GGTCTCTTGAACCGCAGGACCACATTGGTGGGG-3'; pSUPER-
Sc-CHRNAQ sense sequence, 5'-GATCCCCGAGAACACGAATACA
CCCCTTCAAGAGAGGGGTGTCGTGTTCTCTTTTTA-3'; pSUPER-
Sc-CHRNA9 sense sequence antisense sequence, 5-AGCTTAAAAA
GAGAACACGAATACACCCCTCTCTTGAAGGGGTGTATTCGT
GTTCTCGGG-3'.

MTT assay

An MTT assay was carried out to assess the cytotoxic effect of nanopar-
ticles. MDA-MB-231 cells were seeded at a density of 8,000 cells per well
in 96-well plates and treated with 3WJ-B-a9-apt-anti-miR-21 and 3WJ-
B-a9-apt-anti-scr RNA nanoparticles (0.01, 0.1, 1, 10, and 100 uM) for
48 h. Then, the MTT reagent (5 mg/mL) was added to the wells and
incubated for 4 h at 37°C in the dark. The medium was removed, and
200 pL DMSO and 25 pL Sorensens’s glycine buffer were added to
the wells for 15 min. The absorbance of the samples was measured using
an ELISA microplate reader at a wavelength of 570 nm. Cell prolifera-
tion was calculated as the ratio of the absorbance of the samples to the
absorbance of an untreated control. The results of the dose-response
curve at different concentrations per drug were plotted in SigmaPlot
software 12.0. (System Software, San Jose, CA, USA). The percentage
of growth inhibition was calculated, and statistical analysis of ICsg
values (the concentration of each drug that achieves 50% growth inhi-
bition) was obtained graphically from the survival curve. All experi-
ments were performed in triplicate wells for each condition.

Cell proliferation assay

Briefly, the cells were seeded at a density of 1 x 10* cells/mL in 6-well
Petri dishes. Cells were treated with different concentrations of 3WJ-
B-a9-apt-anti-miR-21 and 3WJ-B-a9-apt-anti-scr RNA nanoparticles
(2.5,5,and 7.5 nM) for 48 h. At 24 and 48 h, the treated cells were trypsi-
nized, washed, and resuspended in a medium containing 0.4% trypan
blue. The viable cells were counted under the microscope (DMI
4000B, Leica). The calculation was repeated in three independent exper-
iments. Data were statistically analyzed by two-tailed unpaired t testand
presented as mean + SD (*p < 0.05, **p < 0.01, ***p < 0.0001).
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Colony formation assay

MDA-MB-231 cells were seeded at 200 cells per 6-well Petri dish and
maintained at 37°C. Cells were treated with 7.5 nM 3WJ-B-a9-apt-
anti-miR-21 and 3WJ-B-a9-apt-anti-scr RNA nanoparticles for an
additional 14 days, and we renewed these nanoparticles every
2 days. After treatment for 2 weeks, the visible colonies were fixed
with 4% formaldehyde for 10 min and stained with crystal violet so-
lution (0.05% crystal violet, 1% formaldehyde, 1% methanol, and 1x
PBS) for 30 min. Images of the colonies were collected by microscope
(DMI 40008, Leica) and analyzed using Image]J software. The calcu-
lation was repeated in three independent experiments. Data were sta-
tistically analyzed by two-tailed unpaired t test and presented as
mean + SD (*p < 0.05, **p < 0.01, ***p < 0.0001).

Establishment of the TNBC-PDX mouse model

NSG mice and PDX tumor-bearing mice (J000100674) were obtained
from breeding pairs (JAX 4659679) originally purchased from Jack-
son Laboratories (005557, Bar Harbor, ME, USA). NSG mice were
bred in a pathogen-free unit and maintained in sterile cages. Mice
were handled and cared for with strict adherence to the guidelines es-
tablished by the Animal Resource Center and following study proto-
cols approved by the Laboratory Animal Center and Use Committee
at National Defense Medical Center NDMC-LAC) (IACUC protocol
LAC- 20-264). PDX tumor specimens from PDX tumor-bearing mice
(J000100674) were transplanted into female NSG mice. The animals
were monitored for engraftment via routine palpation, and the tu-
mors were harvested when they reached a volume of 0.5 cm®.

In vivo tumor therapeutic assessment

TNBC-PDX tumors were implanted in the fat pad area near the mam-
mary gland tissue. When PDX tumors reached an average volume of
20 mm?, PDX tumor-bearing mice were randomly divided into three
groups (n = 4, biologically independent animals). Each group was
administered 3WJ-B-a9-apt-anti-miR-21 and 3WJ-B-a9-apt-anti-
scr RNA nanoparticles (100 pL of 20 pmol/L) throughout 5 intrave-
nous (i.v.) injections every other day. PBS-treated mice served as con-
trols. During the experiment, the tumor size was measured using
calipers every 2 days post injection for up to 19 days. The tumor vol-
ume was calculated as (length x width?)/2. On day 19, the mice were
sacrificed, followed by tumor extraction. Data were statistically
analyzed by two-tailed unpaired t test and presented as mean + SD
(*p < 0.05, **p < 0.01, ***p < 0.0001).

In vivo biodistribution assay

Female NSG mice with TNBC-PDX tumors (n = 3) were systemically
administered 3WJ-Alexa, 3WJ-B-a9-apt-Alexa, and 3WJ-C-a9-apt-
Alexa RNA nanoparticles (100 pL of 20 pmol/L) via tail vein injec-
tion. Mice were administered PBS as a negative fluorescence control.
Whole-body fluorescence imaging of mice was conducted at time
points of 2 h using an IVIS Spectrum (PerkinElmer) with excitation
at 640 nm and emission at 680 nm to assess biodistribution profiles.
The mice were sacrificed at 8 h post injection by CO, inhalation, fol-
lowed by cervical dislocation. Ex vivo fluorescence images for excised
tumors and organs, including the heart, kidneys, liver, spleen, and
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lungs, were also obtained by the IVIS Spectrum (PerkinElmer) using
the following excitation and emission filters: 640 and 680 nm, respec-
tively. To maximize signal sensitivity, images were captured under the
same field of view using automatic exposure corresponding to pixel
binning of 8 and f/stop of 2 in the IVIS system program. Regions of
interest (ROIs) were then drawn in the defined area and quantified
in the physical, calibrated unit “average radiant efficiency [p/s/sr]/
[WW/cm?]” using Living Image 4.3.1 software. The Living Image soft-
ware can automatically normalize sensitivity differences resulting
from different acquisition parameters without any user input when
ROI values are expressed in a calibrated, physical unit. Data were sta-
tistically analyzed by two-tailed unpaired t test and presented as
mean + SD (*p < 0.05, **p < 0.01, ***p < 0.0001).

Quantitative real-time PCR

Total RNA, including miRNA, was isolated from PDX tumor tissues
using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. Reverse transcription was performed using
the TagMan MicroRNA Reverse Transcription Kit (4366596, Applied
Biosystems, Life Technologies, Grand Island, NY, USA), and single-
stranded cDNA was synthesized from total RNA using specific
miRNA primers (4427975, Applied Biosystems, Life Technologies).
Specific miRNA primers for miR-21 and U6 small nuclear RNA
(snRNA) in the TagMan miRNA assays (4427975-000397 and
4427975-001973) were also used in quantitative real-time PCR step.
Next, quantitative PCR (qPCR) was carried out using the above
primers with TagMan Universal PCR Master Mix (4366596, Applied
Biosystems), and the fluorescence intensity of the PCR product was
detected using a LightCycler thermocycler (Roche Molecular Bio-
chemicals, Mannheim, Germany). The expression of miR-21 in
each sample was normalized to U6 snRNA as an endogenous control
by the built-in software (Roche LightCycler v.4).

Western blot

For protein extraction, cells were washed twice with ice-cold PBS and
lysed on ice in Golden lysis buffer (20 mM Tris-HCl [pH 8.0],
137 mM NaCl, 5.95 mM EDTA, 5 mM EGTA, 10 mM NaF, 1% Triton
X-100, and 10% glycerol) supplemented with protease inhibitors (Roche,
Indianapolis, IN, USA) and phosphatase inhibitors (Sigma-Aldrich, St.
Louis, MO, USA), and the tumors tissues from the PDX model (n =
3) were homogenized three times at setting 3 (18,000 rpm) in Golden
lysis buffer using a PRO 200 homogenizer (PRO Scientific, Monroe,
CT, USA). Protein lysates (50 pg) were separated via 12% sodium do-
decyl sulfate (SDS)-PAGE and transferred to polyvinylidene fluoride
membranes. Specific antibodies against PTEN (1:800 dilution,
ab31392, Abcam, CA, USA), PDCD-4 (1:1,000 dilution, GTX104901,
GeneTex, Irvine, CA, USA), p21 (1:1,000 dilution, GTX629627, Gene
Tex), p27 (1:1,000 dilution, GTX100446, GeneTex), T- Akt (1:1,000 dilu-
tion, GTX629627, GeneTex), p-Akt (1:1,000 dilution, 9271, Cell
Signaling Technology, Beverly, MA, USA), and GAPDH (sc-47724,
Santa Cruz Biotechnology, Beverly, CA, USA) as a control were diluted
1:2,000 in Tris-buffered saline/Tween 20, and the membranes were incu-
bated overnight at 4°C. Horseradish peroxidase-conjugated anti-mouse
immunoglobulin G (IgG) (sc-2344, Santa Cruz Biotechnology) and anti-

rabbit IgG (sc-2004, Santa Cruz Biotechnology) secondary antibodies
were diluted 1:4,000 and incubated with the membranes for 1 h at
room temperature.

Immunohistochemistry staining

Protein expression in PDX tumor tissues was detected using THC.
Paraffin-embedded PDX tumor tissues were cut into 8-um sections
and preincubated in 3% H,0, and 0.3% Triton X-100 before micro-
waving for antigen retrieval. For detection of Ki-67 protein immuno-
staining, sections were microwaved in Tris buffer (pH 6) for 30 min.
The antigenicity of the tumor cells in sections was blocked in 5%
horse serum (Chemicon, Temecula, CA, USA) for 30 min and incu-
bated with a diluted (1:200) Ki-67 (GTX16667, GeneTex)-specific
antibody for 2 h at room temperature. Staining was developed using
the streptavidin-biotin-peroxidase method and an LSAB 2 kit pur-
chased from Dako (Carpinteria, CA, USA). Briefly, sections were
washed in phosphate-buffered saline (PBS) and incubated with a bio-
tinylated anti-rabbit secondary antibody. The samples were rewashed
in the same buffer and incubated with a streptavidin-biotin-peroxi-
dase complex. Staining was completed after incubation with sub-
strate-chromogen solution. The incubation duration in solution
with 3,3’-diaminobenzidine was determined using low-power micro-
scopic inspection. Slides were washed, dehydrated, and coverslipped
using a mixture of di-styrene, plasticizer, and xylene (DPX mounting
medium) (44581, Sigma-Aldrich). Adjacent sections on the same
slides were counterstained with hematoxylin for general histological
orientation.

TUNEL assay

Apoptotic cells in PDX tumor tissues were detected using a TUNEL
assay. The TUNEL assay was performed using the DeadEnd Colori-
metric TUNEL System following the manufacturer’s instructions
(Promega, Madison, W1, USA). 8-um paraffin sections of PDX tumor
tissues were de-paraffinized by xylene, rehydrated using serial ethanol
concentrations, and then washed in PBS. After being washed in PBS,
tissue sections were fixed in 4% paraformaldehyde and permeabilized
using 20 pg/mL Proteinase K solution. For fragmented DNA labeling,
tissue sections were incubated with equilibration buffer and TdT
enzyme in a humidified chamber at 37°C for 60 min. They were sub-
sequently put into pre-warmed working-strength stop-wash buffer
for 10 min. Endogenous peroxidase of tissue sections was blocked
by incubation in 3% hydrogen peroxide solution for 5 min, followed
by washing in PBS. Briefly, staining was developed using streptavidin-
conjugated HRP at room temperature for 30 min. Visualization of
apoptotic cells was performed by application of substrate-chromogen
(3,3'-diaminobenzidine) solution. Adjacent sections on the same
slides were counterstained with hematoxylin for general histological
orientation.

Biological toxicity assessment

After treated mice (n = 4) were sacrificed at the end of the experiment,
the major organs, including the liver, spleen, kidneys, heart, lungs,
and brain, were harvested, and sections were stained with H&E. Blood
samples were harvested from each mouse by cardiac puncture and
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centrifugated at 1,200 x g for 10 min. Biochemical indicators in
serum supernatant were further analyzed at the TMU hospital ac-
cording to standard protocols using a Roche Cobas ¢702 analyzer, a
quantitative, multiple-parameter, automated biochemistry analyzer
supplied by Roche Diagnostics (Taiwan). Data were statistically
analyzed by two-tailed unpaired t test and presented as mean + SD
(*p < 0.05, **p < 0.01, **p < 0.001).

Statistics

Each experiment for each tested sample was repeated at least three
times independently, and the results were presented as mean + stan-
dard deviation (SD). Statistical differences were evaluated using an
unpaired t test with SigmaPlot software, and p < 0.05 was considered
statistically significant. No blinding or randomization was used. No
samples or animals were excluded from the analysis. All criteria
were pre-established.
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