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KEY WORDS Abstract The lung is one of the most common sites for cancer metastasis. Collagens in the lung pro-
vide a permissive microenvironment that supports the colonization and outgrowth of disseminated tumor

ung metastasts; cells. Therefore, down-regulating the production of collagens may contribute to the inhibition of lung

gl;i;zgii_?’ metastasis. It has been suggested that miR-29 exhibits effective anti-fibrotic activity by negatively regu-
Liposomal nanovesicle; lating the expression of collagens. Indeed, our clinical lung tumor data shows that miR-29a-3p expression
Exosomes; negatively correlates with collagen I expression in lung tumors and positively correlates with patients’
Fibroblasts; outcomes. However, suitable carriers need to be selected to deliver this therapeutic miRNA to the lungs.
Pre-metastatic niche In this study, we found that the chemotherapy drug cisplatin facilitated miR-29a-3p accumulation in the

exosomes of lung tumor cells, and this type of exosomes exhibited a specific lung-targeting effect and
promising collagen down-regulation. To scale up the preparation and simplify the delivery system, we
designed a lung-targeting liposomal nanovesicle (by adjusting the molar ratio of DOTAP/cholesterol
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—miRNAs to 4:1) to carry miR-29a-3p and mimic the exosomes. This liposomal nanovesicle delivery
system significantly down-regulated collagen I secretion by lung fibroblasts in vivo, thus alleviating
the establishment of a pro-metastatic environment for circulating lung tumor cells.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tumor metastasis is a critical phase of cancer progression and is the
major cause of tumor-related mortality, accounting for approxi-
mately 90% of tumor-related deaths'. Tt is widely accepted that
metastasis is a complex multistep process”. Metastatic tumor cells
detach from primary tumor sites, travel into circulating or
lymphatic vessels, and extravasate and seed into secondary sites.
Metastatic cells can encourage the formation of macro-metastases
by establishing an amenable microenvironment for metastasis
through manipulation of the microenvironment’. The lungs are one
of the most frequent sites of metastasis in both preclinical models
and cancer patients, and almost all cancers have the capacity to
spread to the lungs®. It is believed that the specific lung tumor
microenvironment, including the extracellular matrix (ECM),
vasculature, cancer-associated fibroblasts, and degree of infiltration
of immune cells, play a major role in tumor metastases”.

Increased collagen expression or deposition is correlated with
poor prognosis in lung cancer patients™’. In lung tissue, type I
collagen is the most abundant subtype and ECM protein produced
by lung fibroblasts®. Collagen I can promote epithelial—
mesenchymal transition (EMT) by enhancing Snail stability’,
and type I collagen in lung cancer accelerates tumor cell growth
and metastasis'’, though targeting collagen I therapeutically has
been challenging'".

miRNAs are small non-coding RNAs that act as epigenetic
regulators by silencing a broad set of target genes and affecting
various processes in tumor development'?. The effects of miRNAs
on collagen expression have been investigated'*. miR-29 exhibits
strong anti-fibrotic activity by negatively regulating collagens and
thus inhibits the progress of fibrotic skin diseases and systemic
sclerosis'. Tn tumors, miR-29 knockdown increased the ability of
ovarian cancer cells to escape cisplatin-induced cell death via up-
regulating collagen I'°. Therefore, overexpression of miR-29 may
have therapeutic potential for lung tumor metastasis treatment.
However, the therapeutic efficacy of miR-29 on inhibiting colla-
gens expression and tumor cell metastasis in the lung has not been
investigated. Moreover, another challenge in the current study is
how to maintain the stability of target miRNAs during delivery
in vivo since miRNAs are quickly degraded and cleared in the
blood circulation.

Exosomes, widely recognized natural nanovesicles, are
membrane-bound extracellular vesicles (EVs) produced in the
endosomal compartment of eukaryotic cells'®. Based on their
biological compatibility and particularly small size, exosomes
have recently been investigated as suitable substitutes for the
shortcomings of nanoparticles'’. Moreover, it has been docu-
mented that exosomes play vital roles in cell communication by
delivering biological cargoes, including miRNAs, throughout the
body'®. Apart from exosomes, therapeutic miRNA-enriched li-
posomes can also be used for disease treatment by targeting
pathological recipient cells'®. However, there are limitations and

gaps in our knowledge in how to enrich the target miRNAs in
naturally produced exosomes and how to specifically transport
nanovesicles to target organs. Here, we report that cisplatin
treatment significantly enhances the miR-29a-3p concentration in
lung tumor exosomes. We have also developed a liposome-based
nano-delivery system, miR-29a-3p-lipoplex (miR-29a-3p-LPX),
to inhibit collagen expression in the lung. Overall, cisplatin eli-
cited exosomes (CPT-Exo), and miR-29a-3p-LPX represent a
promising strategy for lung tumor metastasis treatment.

2. Materials and methods

2.1.  Cell models

The mouse Lewis lung carcinoma (LLC) cell line was kindly gifted
by Professor Li Yan (Academy of Military Medical Sciences,
Beijing, China). The immortalized mouse embryonic fibroblast
(AMEF) cell line was a gift from Professor Lin Xi (Tsinghua
University, Beijing, China). The human normal lung fibroblast cell
line CCD-19Lu was purchased from ATCC (ATCC CCL-210).
Stable enhanced green fluorescent protein (EGFP) and luciferase-
expressing LLC cells (LLC-EGFP-Luc) used for bioluminescent
tracking were generated by lentiviral infection per the manufac-
turer’s instructions; the lentivirus particles containing the Ubi-
MCS-EGFP-SV40-firefly_Luciferase-IRES-Puromycin vector
were purchased from GeneChem (Shanghai, China). EGFP posi-
tive clones were selected by FACS. All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan,
UT, USA) supplemented with 10% FBS (PAN Biotech, Aidenbach,
Germany), 100 IU/mL penicillin and 100 pg/mL streptomycin
(Gibco, Waltham, MA, USA) at 37 °C in a 5% CO, incubator.

2.2.  Isolation of mouse lung fibroblasts

Primary mouse lung fibroblasts were isolated from the lungs of one-
week-old C57BL/6N mice per previously published methods®.
Briefly, lung tissues were collected aseptically and flushed with
PBS to remove excess blood contamination and then minced into 1-
to 2-mm pieces in FBS. The minced lungs were placed in culture
flasks for 2 h and cultured in DMEM. After 5—7 days of prolifer-

ation, fibroblasts were used for in vitro experiments.

2.3.  RNA interference

Mouse lung fibroblasts, iMEF cells, and CCD-19Lu cells were
transfected with 50 nmol/L of mouse or human miR-29a-3p
mimic, negative control mimic (NC mimic), antisense miR-29a-3p
inhibitor or negative control inhibitor (NC inhibitor), using Lip-
ofectamine RNAiMax (13778030, Invitrogen, Waltham, MA,
USA) per the manufacturer’s instructions. miR-29a-3p mimic,
miR-29a-3p inhibitor, and their corresponding negative controls
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were purchased from Sangon Biotech (Shanghai, China). The
sequences are listed in Supporting Information Tables S1 and S2.

2.4.  Dual-luciferase reporter assay

The Collal 3' UTR luciferase reporter plasmid for miR-29a-3p
was commercially constructed (GeneChem, Shanghai, China).
The murine Collal 3’ UTR sequence containing a wild-type (WT:
TGGTGCT) or mutated miR-29a-3p (Mut: GTTGTAG) binding
site was subcloned into the pMIR-reporter firefly luciferase
vector (SV40-firefly_Luciferase-MCS) via the Xbal/Xbal
sites. HEK293T cells were transfected with wild-type or mutant
Collal 3" UTR-luciferase reporter plasmid together with Renilla
luciferase plasmid (TK promoter-Renilla_luciferase) as a control
reporter vector, using Lipofectamine 3000 reagent (Invitrogen,
Waltham, MA, USA). miR-29a-3p mimic or NC mimic was
transfected using Lipofectamine RNAiMax (L3000015, Invi-
trogen, Waltham, MA, USA) simultaneously. Luciferase activity
was measured 24 h post-transfection using the Dual-Luciferase
Reporter Gene Assay Kit (Beyotime, Shanghai, China) on a
microplate reader (SpectraMax i3x, Molecular Devices, Sunny-
vale, CA, USA). The relative luciferase activity in miR-29a-3p
mimic transfected cells was determined by calculating the ratio
of firefly to co-transfected Renilla luciferase activity and
comparing it with NC mimic transfected cells.

2.5.  Bioluminescence imaging

LLC-EGFP-Luc metastatic tumors were evaluated by biolumi-
nescence imaging using the Xenogen IVIS Spectrum imaging
system (Caliper Life Sciences, Hopkinton, MA, USA). Intraperi-
toneal injection of D-luciferin was performed (150 mg luciferin/kg
body weight) 10 min before imaging. Mice were anesthetized with
2% isoflurane by inhalation. Whole-body and mice lung imaging
were performed.

2.6.  Western blotting

Cells, exosomes, or tissues were lysed on ice in radio-
immunoprecipitation assay buffer supplemented with 1% protease
inhibitor cocktail (P8340, Sigma—Aldrich, St. Louis, MO, USA)
and 1 mmol/L phenylmethylsulfonyl fluoride for 30 min. Protein
concentrations were determined using the Pierce BCA Protein
Assay Kit (233225, Thermo Scientific, Rockford, IL, USA) per
the manufacturer’s instructions. Next, 20 pg of total protein was
separated by SDS-PAGE on a 10% gel and transferred electro-
phoretically to a nitrocellulose filter membrane (HATF00010,
Millipore, Billerica, MA, USA). Fast green FCF staining of the
nitrocellulose membranes after transfer confirmed equal protein
loading. The details of the antibodies used are provided in Sup-
porting Information Table S3.

2.7.  RNA isolation and quantitative real-time RT-PCR

Total mRNA was isolated from cells with RNAiso Plus (9109,
Takara, Tokyo, Japan), and complementary DNA (cDNA) was
synthesized using the PrimeScript RT Master Mix (RR036A;
Takara, Tokyo, Japan). For quantitative miRNA analysis, total
RNA was extracted from exosomes or cells using the miRNeasy
Mini Kit (217004, Qiagen, Hilden, Germany)). Reverse tran-
scription was conducted with a miRNA First Strand cDNA Syn-
thesis (Stem-loop Method) Kit (B532453, Sangon Biotech,

Shanghai, China). cDNA was quantified by real-time PCR using
TB Green Premix Ex Taq II (RR820A, Takara, Tokyo, Japan) on
an ABI PRISM 7300HT Sequence Detection 542 System (Applied
Biosystems, Foster City, CA, USA). The primer sequences are
listed in Supporting Information Table S4 Relative expression of
each gene was normalized with GAPDH for RNA and U6 for
miRNA.

2.8.  Exosome isolation and identification

LLC-derived exosomes (LLC-Exo) and CPT-Exo were isolated
from culture supernatants by multi-step centrifugation as previ-
ously described”'. Briefly, 80% confluent cells were rinsed with
PBS and then cultured in FBS-free DMEM with 5 pmol/L
cisplatin (or control vehicle PBS). After 24 h, the culture medium
was collected and centrifuged at 200x g for 10 min and 20,000x g
for 20 min at 4 °C to remove dead cells and debris. The super-
natant was then subjected to ultracentrifugation at 100,000x g for
70 min at 4 °C on a HITACHI ultracentrifuge (CS150FNX, Tokyo,
Japan). The obtained exosome pellet was washed with PBS and
concentrated after ultracentrifugation. The purification of exo-
somes was verified by transmission electron microscopy (HT7800,
HITACHI, Tokyo, Japan) and the expression of exosome-specific
markers CD63 and HSP90 by western blotting.

2.9.  Exosome treatment

Exosomes were suspended in PBS and filtered through 0.22 pm
filters before use. For the exosome in vitro treatment, fibroblasts
were seeded at 2 x 10* cells per well in 12-well plates and
cultured in serum-free medium. After overnight culture, exosomes
were added in medium to a final concentration of 50 pg/mL. Cells
were harvested 3 h post-treatment for RNA extraction and 24 h
post-treatment for protein extraction. For in vivo exosome treat-
ment, each mouse (Female C57BL/6N, wild-type, 6—8-week-old,
Charles River Laboratories, Beijing, China) was injected with
100 pL of exosome solution via the tail vein at a dose of 0.5 mg/kg
body weight. The treatment was given every three days for a total
of three times. Mice were sacrificed for lung harvest three days
after the last treatment or injected with 5 x 10° LLC-EGFP-Luc
cells per mouse to analyze the incidence of metastasis.

2.10. RNA-sequencing

To identify the gene expression profile of lung fibroblasts stimu-
lated with LLC-Exo/CPT-Exo, RNA sequencing was performed
by OE Biotech Co., Ltd. (Shanghai, China) using the Illumina
Hiseq 2500 (Illumina, San Diego, CA, USA). Lung fibroblasts
were treated with 50 pg/mL exosomes, incubated for 3 h then
collected for RNA sequencing. The data were analyzed using
EdgeR software, and statistical significance for differential gene
expression was defined as P < 0.05. RNA sequencing data were
uploaded to the Sequence Read Archive (SRA) database with the
accession numbers SRR13079646 and SRR13079645.

2.11.  Microarray analysis

To analyze the difference in miRNAs loaded into LLC-Exo and
CPT-Exo, microarray analysis using Mouse miRNA Microarray
Kit, Release 21.0, 8 x 60 K (design ID: 070155; Agilent Tech-
nologies, Santa Clara, CA, USA) was performed at OE Biotech
Co., Ltd. Labeling of miRNAs, microarray hybridization, and
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washing were carried out based on the manufacturer’s protocols.
Data extraction and visualization were performed using Feature
Extraction Software (Version 10.7.1.1; Agilent Technologies,
Santa Clara, CA, USA). Primary data are available at the NCBI’s
Gene Expression Omnibus database (GSE142584 and
GSE161832).

2.12.  Cell adhesion assay

Lung fibroblasts were cultured until 95%—100% confluence after
transfection in a 6-well plate, then LLC-mCherry cells were
seeded into the culture system at 2.0 x 10° cells per well. The
plate was left undisturbed for 15 min in a humidified incubator at
37 °C with 5% CO,. Subsequently, nonadherent LLC-mCherry
cells were removed by washing three times with PBS. Adhered
cells were captured by using the Incucyte ZOOM System (Essen
BioScience, Ann Arbor, MI, USA).

2.13.  Soft agar colony formation assay

The colony-forming ability of LLC cells was evaluated using a
soft agar colony formation assay. To form the lower layer, 1 mL of
complete medium containing 0.6% low melting point agarose was
added into a 6-well plate. After the agarose solidified, LLC cells
were suspended at a density of 1 x 10* cells per well with a top
layer of complete medium containing 0.35% agarose. To examine
the effect of lung fibroblasts transfected with miR-29a-3p mimic/
inhibitor on the colony formation of LLC cells, conditioned me-
dium was added every other day to the upper agar layer. Plates
were incubated for 14 days at 37 °C in 5% CO, and colonies
consisting of more than 50 cells were counted under the
microscope.

2.14.  Three-dimensional (3D) tumor spheroid invasion assay

Cell migration and invasion abilities were evaluated by a 3D
Tumor Spheroid Invasion Assay as previously described®”. The
bottom of a 96-well plate was first coated with 80 pL of 1.5% low
melting agarose to provide a low attachment U-bottom, and 5000
LLC cells were seeded per well in full serum medium after
agarose solidification. Cells were cultured in a 37 °C, 5% CO,
humidified incubator for four days until visible tumor spheroids
formed. Ice-cold Matrigel mixed with lung fibroblast conditioned
media was prepared at a final concentration of 2.5 mg/mL and
placed in a 96-well plate (n = 3 per condition and 100 pL volume
per well), and collagen I (354236, Corning, NY, USA) was added
at a final concentration of 2.5 mg/mL into the DMEM mixed
Matrigel as a positive control. The blank DMEM mixed Matrigel
acted as a negative control. The tumor spheroid was transferred
carefully into the center position of mixed Matrigel using ice-cold
pipette tips, and invasion of the spheroids was analyzed after 24 h
in culture. Images were taken using a Leica inverted microscope.
LLC cell proliferation was measured by Ki-67 staining and flow
cytometry analysis.

2.15.  Liposomes and miR-29a-3p-LPX preparation and
characterization

miR-29a-3p-LPX was designed to deliver miR-29a-3p into the
lung tissue of mice stably and efficiently. Cationic liposomes
composed of 1,2-dioleoyl-3-trimethylammonium  propane
(DOTAP) and cholesterol (AVT Pharmaceutical Tech Co., Ltd.,

Shanghai, China) at molar proportions of 1:1 were produced
based on the thin-film hydration method, forming colloidally
stable liposomes and then used to complex miR-29a-3p for the
formation of colloidally stable miR-29a-3p-LPX by a simple
self-assembly method”®. The miRNA was specifically delivered
to the lung by adjusting the ratio of lipid to RNA (positive to
negative charge ratio) to 4:1'°. Reporter firefly luciferase
encoding RNA was assembled with liposomes to form Luc-
lipoplex (Luc-LPX), which was used to evaluate the lung tar-
geting specificity of RNA-lipoplex (RNA-LPX) in vivo by
bioluminescence imaging. miR-29a-3p-LPX and miR-29a-3p-
LPX negative control (NC-LPX) were formed by diluting the
RNA with RNase-free H,O and 9% NaCl solution and then
incubated for 30 min at room temperature before tail vein in-
jection. The size and morphology of miR-29a-3p-LPX were
assayed by Malvern Zetasizer Version 7.04 and transmission
electron microscopy, respectively.

2.16.  LPX safety investigation

The safety of NC-LPX and miR-29a-3p-LPX were evaluated
in vitro according to a previous study>*. Briefly, 0.5 mL of LPX or
other formulations were diluted in 2 mL with normal saline, then
mixed with rabbit red blood cell suspension (2.5 mL) in glass
tubes. Normal saline and distilled water were used as the negative
and positive controls, respectively. The red blood cell suspension
was centrifuged for 15 min at 300x g, then placed at 37 °C for 3 h.
The hemolytic activity of LPX was recorded with a digital camera.
The absorbances (Abs) of the supernatants of red blood cells
treated with LPXs were measured at 545 nm. Finally, the percent
of hemolysis of LPXs was calculated according to the following
Eq. (1):

Hemolysis (%) = (Ab of LPXs — Ab of negative control)/(Ab of
positive control — Ab of negative control) x 100 (D

2.17.  Animal experiments

To examine the effect of miR-29a-3p on lung metastasis, a total
volume of 200 pL per 20 g body weight of miR-29a-3p-LPX or
NC-LPX containing 5 pg miR-29a-3p mimic or NC mimic was
injected into mice every three days via the tail vein. Three days
after miR-29a-3p-LPX pre-treatment, 5 x 10° LLC-EGFP-Luc
cells per mouse were intravascularly injected. Mice were sacri-
ficed 21 days after LLC-EGFP-Luc injection, and lung metastasis
was measured by bioluminescence imaging and HE staining. All
animal experiments were performed according to previous publi-
cations. All protocols were approved by the Ethics Committee of
Zhengzhou University (Ethical Approval Number: 2021-KY-
0028). Briefly, 5 x 10° LLC-EGFP-Luc cells were injected into
mice via the tail vein after three rounds of miR-29a-3p-LPX and
NC-LPX treatment. At 72 h post-LLC-EGFP-Luc injection, equal
volumes (200 pL) of whole peripheral blood and lung tissue were
collected simultaneously from euthanized mice. The frequency of
circulating tumor cells (CTCs) in blood and infiltrated LLC tumor
cells in lung tissue was examined by flow cytometry analysis.
Lungs were dissociated into single-cell suspensions and prepared
for flow cytometry (BD FACSCanto II) analysis. Data were
analyzed using FlowJo (V10) software. All experiments were
carried out on wild-type 6—8 weeks old C57BL/6N mice (Charles
River Laboratories, Beijing, China).
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2.18. Human lung cancer tissue cDNA microarrays

The human lung cancer tissue cDNA microarrays contained 15
pairs of lung adenocarcinoma cancer samples and matched adja-
cent normal tissue samples (Shanghai Outdo Biotech Co., Ltd.,
Shanghai, China). COLIAI expression was quantified by RT-PCR,
and miR-29a-3p expression was determined using miRcute Plus
miRNA gPCR Detection Kit (FP411; Tiangen Biotech, Beijing,
China).
2.19.  Statistical analysis

Statistical analysis was performed using GraphPad Prism8 soft-
ware. Data were represented as mean =+ standard deviation (SD).
Comparisons between two groups were made using paired or
unpaired Welch’s r-test as appropriate. For multiple comparisons,
one-way or two-way ANOVA was applied as appropriate. Linear
correlation was evaluated by the Pearson correlation coefficient
(r). P values < 0.05 were considered statistically significant.

3. Results

3.1.  miR-29a-3p down-regulates collagen I expression in lung
fibroblasts

The anti-fibrotic function of miR-29 has been previously investi-
gated”®?’. To further confirm the inhibition of collagen I expres-
sion by miR-29 in the lung, we first used the online miRNA-
mRNA matching tool TargetScan and identified that miR-29a-3p
has the potential to target Collal mRNA sites (Fig. 1A). Previ-
ous studies have suggested that lung fibroblasts are the main
source of collagen I in lung tissue®®. Therefore, we next investi-
gated the mRNA expression of Collal in different lung cell types,
including primary isolated fibroblasts, CD45" immune cells,
CD3267 epithelial cells, CD317" endothelial cells, and other cells
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Figure 1

(CD31, CD326 , CD457), and confirmed that lung fibroblasts
are the major cell type for collagen I production (Supporting In-
formation Fig. S1). In addition, we transfected miR-29a-3p
mimics into primary lung fibroblasts and analyzed collagen I
expression; transfection efficiency was identified by green fluo-
rescence and found to be greater than 80% (Supporting Informa-
tion Fig. S2). We observed a significant down-regulation of
Collal mRNA expression and collagen I secretion in miR-29a-3p
transfected fibroblasts (Fig. 1B and C). Collagen I targeting by
miR-29a-3p was substantiated by dual-luciferase reporter experi-
ments (Fig. 1D and E). All these data confirm that miR-29a-3p has
the potential to inhibit collagen I expression.

3.2.  CPT-Exo contains a high level of miR-29a-3p and inhibits
collagen I production

We next investigated the source of miR-29a-3p in different cell
types. Compared with normal lung cell types, we found that lung
tumor cell line LLC expressed a significantly high level of
miR-29a-3p (Fig. 2A). However, our previous study showed that
LLC-derived exosomes promoted LLC colonization in the
lung™. So, LLC-Exo are not an appropriate carrier to deliver miR-
29a-3p. Chemotherapy can induce a massive release of
exosomes. Therefore, we further stimulated LLC cells with
cisplatin (5 pmol/L; 24 h) and collected exosomes from the cul-
ture supernatant. The purification of exosomes was verified by
specific surface markers CD63/HSP90 and electronic microscopy
(Fig. 2B and C). Interestingly, we observed that not only the total
amount but also the relative concentration of miR-29a-3p in CPT-
Exo increases approximately 4-fold (Fig. 2D). Moreover, cisplatin
treatment induced 2.1 times up-regulation of circulating exosomal
miR-29a-3p in vivo (Supporting Information Fig. S3). To examine
the potential function of CPT-Exo in fibroblast gene profiles,
RNA-seq was used to identify any modification to mRNA
expression in lung fibroblasts stimulated with LLC-Exo or CPT-
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Exo. Among the altered genes in CPT-Exo-treated fibroblasts,
Collal was the most significantly down-regulated by CPT-Exo
(Supporting Information Fig. S4). The powerful collagen I inhi-
bition effect of CPT-Exo was also confirmed by mRNA and pro-
tein levels. The CPT-Exo treatment caused stronger inhibition of
collagen I expression in both primary lung fibroblasts and the
fibroblast cell line iMEF (Fig. 2E and F). Intravascularly injected
CPT-Exo also decreased the total protein concentration of
collagen I in the lungs (Fig. 2G and H), which was further
confirmed by Masson and immunohistochemical staining (Fig. 2I
and J). In addition, we also examined the entry effect of LLC-Exo
and CPT-Exo and found that the potential uptake of these
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exosomes by lung fibroblasts was similar in vitro and in vivo
(Supporting Information Fig. S5).

To further investigate the specificity of exosomal miR-29a-3p
in the inhibition of collagen I expression, we first confirmed the
dose-dependent collagen I inhibition of miR-29a-3p mimic on
fibroblasts (Supporting Information Fig. S6). Next, we treated
lung fibroblasts with CPT-Exo combined with miR-29a-3p anta-
gomir and found the miR-29a-3p antagomir could reverse
collagen I down-regulation in both cell lysate and supernatant
(Fig. 2K and L). Collagen I secretion in both mouse and human
fibroblast cell lines iMEF and CCD19 was inhibited by the miR-
29a-3p mimic; on the contrary, CPT-Exo impaired collagen I
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Lung fibroblalst
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miR-29a-3p loading into CPT-Exo down-regulated collagen I expression in lung fibroblasts. (A) Relative miR-29a-3p expression

levels in different cell types analyzed by qRT-PCR (n = 3; mean £+ SD; One-way ANOVA). (B) Representative Western blots showing the
expression of exosome markers CD63 and HSP90. (C) Representative TEM photograph of LLC-Exo and CPT-Exo. Scale bar = 100 nm. (D)
miR-29a-3p expression levels in LLC-Exo and CPT-Exo, analyzed by gRT-PCR (n = 3; mean &+ SD; Welch’s r-test). Mouse lung fibroblasts and
iMEFs treated with LLC-Exo or CPT-Exo. (E) Collal expression levels determined by qRT-PCR (n = 3; mean £+ SD; Welch’s r-test). (F)
Collagen I protein levels detected by Western blotting. (G) Schematic illustrating the exosome treatment assays. (H) After three exosome in-
jections, the lungs were collected, and the collagen levels were detected by Western blotting. Masson staining (I), immunohistochemical analysis
(J). Representative images are shown. Scale bar = 200 pum (left) and 50 um (right). Relative Collal mRNA (K) and collagen I protein (L) levels
in mouse lung fibroblasts transfected with blank liposome, NC inhibitor, or miR-29a-3p inhibitor with or without CPT-Exo stimulation, analyzed
by qRT-PCR and Western blotting (n = 3; mean + SD; One-way ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.
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secretion was reversed by the miR-29a-3p antagomir (Supporting
Information Fig. S7). Previous work has shown that chemotherapy
drugs, including cisplatin and paclitaxel, accumulate in exo-
somes”>??. To exclude the influence of exosomal cisplatin on the
modification of collagen from fibroblasts, we stimulated fibro-
blasts with cisplatin (5 pmol/L, 24 h) directly. Interestingly,
cisplatin treatment did not down-regulate the expression of
collagen I in lung fibroblasts (Supporting Information Fig. S8A).
In addition, cisplatin treatment did not up-regulate the level of
miR-29a-3p in lung fibroblasts, which suggested the origin of
miR-29a-3p is mainly derived from tumor cells during chemo-
therapy in vivo (Fig. S8B). These results indicate that increased
miR-29a-3p load in CPT-Exo plays a key role in down-regulating
collagen I expression in lung fibroblasts.

3.3.  miR-29a-3p loaded into CPT-Exo regressed lung tumor cell
metastasis in vitro and in vivo

Collagens are well-known ECM components that can influence
tumor cell behavior in the multiple processes of tumor cell
metastasis, including tumor cell adhesion, migration, invasion, and
proliferation™®. To investigate if miR-29a-3p delivery could in-
fluence tumor cell adhesion by targeting collagen I, we first
transfected primary lung fibroblasts with the miR-29a-3p mimic
and then stimulated LLC cells with its conditional culture me-
dium. We found that the attachment of LLC-mCherry cells in the
miR-29a-3p mimic pre-transfected fibroblasts was significantly
reduced (Supporting Information Fig. S9A). Additionally, super-
natant collected from miR-29a-3p transfected fibroblasts had a

weaker effect in inducing LLC colony formation, invasion, and
differentiation (Fig. S9B—S9D). On the contrary, the miR-29a-3p
antagomir reversed the CPT-Exo down-regulated LLC adhesion,
colony formation, invasion, and proliferation (Fig. S9). Therefore,
CPT-Exo plays a major role in alleviating the positive impact of
collagen I expression on inducing tumor cell metastasis in the lung
in vitro by delivering miR-29a-3p.

We next wanted to investigate if the enriched miR-29a-3p in
CPT-Exo could influence lung tumor metastasis in the lung. For
this purpose, we first pretreated mice with exosomes three times in
nine days, followed by intravenous injection of LLC cells
(Fig. 3A). Three weeks later, we observed a significant tumor cell
metastasis in the lung of the LLC-Exo group (Fig. 3B). Interest-
ingly, the number of metastatic lung tumors in CPT-Exo pretreated
mice was significantly decreased, and the tumor area was dimin-
ished (Fig. 3C). These results suggest that CPT-Exo can suppress
circulating lung tumor cell metastasis in the lung. In addition,
CPT-Exo treatment in tumor burdened lungs showed reduced
collagen I staining in metastatic sites and tumor-free lung tissue
(Fig. 3D and E). We thus speculate that reduced collagen I in the
lung may play a role in reducing lung tumor metastasis.

3.4.  Liposomal nanovesicle-based miR-29a-3p delivery
abrogates metastatic colonization of lung tissue

We have shown that miR-29a-3p loaded into CPT-Exo plays a
major role in down-regulating collagen I expression in fibroblasts
and thus potentially affects the key steps of tumor cell metastasis
in vitro. However, unknown factors in CPT-Exo may present major
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CPT-Exo regressed lung tumor cell colonization in the lungs. (A) Schematic illustrating the exosome treatments for tumor coloni-

zation experiments. (B) Lung HE images from mice used in the experiment shown in A. Scale bar = 2 mm. (C) Quantification of the total area
(left) and numbers (right) of mice lung metastatic nodules in two groups (n = 6 per group; mean £ SD; Welch’s t-test). *P < 0.05, **P < 0.01.
(D) Masson staining was used to identify the total collagen expression level in LLC-injected CPT-Exo or LLC-Exo pretreated lungs. Repre-
sentative tumor or tumor-free areas are shown. (E) IHC staining to monitor collagen I levels in the tumor margin and tumor core from the two

groups. Scale bar = 100 pum.
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challenges for future clinical studies. To improve the efficiency of
delivery, we designed a liposome-packed miR-29a-3p system,
miR-29a-3p-LPX. Characterization of miR-29a-3p-LPX showed
that it has a similar size to exosomes (131.6 £ 8.1 nm, Fig. 4A and
B). Moreover, the colloidal solution of miR-29a-3p-LPX was
colorless, transparent, and had a clear Tyndall effect compared
with water, indicating the existence of abundant nanoparticles that
were completely dispersed in aqueous media (Fig. 4C). The
biocompatibility of miR-29a-3p-LPX was evaluated by its he-
molytic activity, and no hemolysis was observed (Fig. 4D). Based
on a previous publication'’, adjusting the charge/mass ratio of
liposome to miR-29a-3p to 4:1 allowed us to specifically locate
miR-29a-3p to lung tissue (Fig. 4E). We also established a miR-

29a-3p-LPX pretreated mouse model (Fig. 4F). After intravascu-
larly injecting LLC-EGFP-Luc cells, we observed the tumor cell
number at different time points and found that the number of
CTCs at 72 h were similar (Fig. 4G), although the number of
tumor cells in the miR-29a-3p-LPX pretreated groups was
significantly lower (Fig. 4H). This result suggests that down-
regulation of collagen I expression mediated by miR-29a-3p
contributes to tumor cell seeding in the lung.

Next, we investigated the effect of liposomal-based nano-
vesicle-delivery on lung tumor cell metastasis (Fig. 5A). We
observed a significant reduction in metastatic sites in the miR-29a-
3p-LPX group after 21 days (Fig. 5B—E). These results suggest
that CPT-Exo and miR-29a-3p-LPX pretreatment could suppress
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no significance.
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tumor cell metastasis in the lung. To examine if miR-29a-3p has
the potential to inhibit tumor cell metastasis when the primary
tumor cells are in situ, we seeded LLC cells in the lung via the
bloodstream and then administered miR-29a-3p-LPX three times
(Fig. 6A). Similarly, miR-29a-3p treatment reduced lung tumor
metastasis (Fig. 6B—E). In addition, we compared the therapeutic
effect of CPT-Exo and miR-29a-3p-LPX in our tumor model.
However, we did not observe a significant difference in the
amount of metastatic colonization and tumor area (Supporting
Information Fig. S10).

3.5.  miR-29a-3p positively correlates with the outcome of lung
cancer patients

Having shown that miR-29a-3p delivery could reduce tumor cell
metastasis in the lung, we wanted to study the predictive potential
of miR-29a-3p on lung cancer prognosis. We first compared the
expression of collagen I with patient survival rate using public
lung cancer datasets’’. We found that lung-adenocarcinoma pa-
tients with high collagen I expression had a significantly lower
survival. In addition, we noticed that lung-adenocarcinoma pa-
tients with high levels of miR-29a expression had better survival
rates (Fig. 7A). These results indicate that miR-29a should be
further investigated as a biomarker for predicting the prognosis of
lung adenocarcinoma patients. To study the correlation between
miR-29a and collagen I expression in lung adenocarcinoma
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patients, we analyzed the expression of miR-29a-3p and COLIA]
in a cohort of lung adenocarcinoma patients (Fig. 7B—E). We
found miR-29a-3p to be highly expressed on para-tumor tissue
(Fig. 7D). Compared with low-grade lung tumor patients, high-
grade tumor patients have lower levels of miR-29a-3p expres-
sion (Fig. 7E). Importantly, a comparison of miR-29a-3p expres-
sion with COLIAI expression revealed a significant negative
correlation, which further suggests that miR-29a-3p may exert its
tumor suppressive function by directly targeting collagen I
expression (Fig. 7F). Moreover, we detected the circulating exo-
somal miR-29a-3p in lung cancer patients. Compared with healthy
donors, the level of miR-29a-3p in lung cancer patients was
significantly lower (Fig. 7G); among lung cancer patients, patients
with higher levels of miR-29a-3p had better survival rates
(Fig. 7H). These data suggest that reduced miR-29a-3p levels are a
potential predictor of patients’ outcomes in lung cancer.

4. Discussion

Tumor metastasis is the primary cause of tumor-related deaths.
Due to a lack of specificity and low bioavailability affecting
therapeutic efficacy, current tumor treatments still represent a
formidable challenge. Increasing evidence indicates that nano-
vesicles can overcome various biological barriers and localize at
tumor sites®'. In this study, we identified exosomes released from
lung tumor cells after cisplatin stimulation as natural carriers of
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biological cargoes that can be enriched in the lung. The enhanced
levels of miR-29a-3p in CPT-Exo show effective therapeutic ca-
pacity by suppressing the production of collagen I from lung fi-
broblasts. Moreover, liposomal packaged miR-29a-3p delivery
was identified as a potential therapeutic method for preventing
tumor cell metastasis. The anti-tumor metastasis effect of deliv-
ering these nanovesicles opens new avenues for therapeutic
intervention in lung tumor metastasis and deepens our under-
standing of the mechanistic relevance of miRNAs contained in
exosomes.

Tumor-derived exosomes participate in tumor progression and
metastasis by communicating with the tumor microenvironment
are vital to establishing the pre-metastatic niche (PMN)'®2273%,
Our previous study identified that lung tumor cell-derived exo-
somes facilitate lung tumor cell colonization in the lung by acti-
vating NF-kB signaling of lung fibroblasts””. Similarly, the uptake
of breast cancer-derived exosomes by lung fibroblasts promoted
their activation and fibronectin secretion, thus contributing to
PMN formation and lung metastasis’>. Although the tumor-
promoting function of these primary tumor cell-derived exo-
somes has been indicated, surprisingly, our study found that the
enhanced miR-29a-3p loaded in CPT-Exo had significant tumor
metastatic inhibition. It is speculated that other factors loaded in
CPT-Exo may present distinct tumor-promoting or inhibiting
functions, which need future investigation.

Cisplatin is the most frequently used chemotherapy drug for
lung cancer treatment, and interestingly, our results showed that
CPT-Exo reduced lung tumor cell metastasis in the lung. We
speculate that chemotherapy induces the release of tumor EVs and
exosomes, which may inhibit tumor metastatic function. In this
study, we identified up-regulation of miR-29a-3p in CPT-Exo,
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which inhibited lung tumor cell metastasis by decreasing the
expression of collagen I in lung fibroblasts. Although a minimal
amount of cisplatin loaded into CPT-Exo could influence tumor
growth, we did not observe a reduced number of LLC cells
circulating at 72 h after CPT-Exo pretreatment and LLC injection.
We thus speculate that the up-regulated miR-29a-3p in CPT-Exo
elicits collagen I down-regulation and may play a key role in
inhibiting lung tumor cell metastasis. Future studies should also
consider the influence of chemotherapy drugs on exosome release
in fibroblasts, immune cells, and other tumor stromal cells because
tumor and stromal cells continuously receive stimulation by
chemotherapy.

Fibroblasts are the major cell types in the lung that can produce
high levels of collagens. Our previous study indicated that primary
lung tumor-derived exosomes could be uptaken by lung fibro-
blasts™. Tt is, therefore, suggested that exosomal nanovesicles are
ideal carriers for targeting fibroblasts. Although this study indi-
cated that LLC cells contained higher amounts of miR-29a-3p, our
initial study proved that primary lung tumor cell-derived exo-
somes facilitated CTCs colonization in the lung®. Chemotherapy
not only increased the number but also altered the cargo loads of
tumor EVs®®. Here, we identified that cisplatin exposure led to
increased loading of miR-29a-3p into CPT-Exo, which abrogated
the metastatic capacity of circulating lung tumor cells in the lung
by inhibiting collagen I expression in lung fibroblasts. We
observed fewer lung metastatic sites in CPT-Exo pretreated mice;
this indicates that the modification of the cargo loaded into CPT-
Exo reversed the tumor-promoting function of primary LLC
exosomes, in which enhanced miR-29a-3p may play a key role.
This also suggested the therapeutic potential of miR-29a-3p-
enriched exosomal nanovesicles for tumor metastasis in the lung.
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miR-29a-3p-LPX treatment inhibits the growth of metastatic tumors. (A) Schematic illustrating the animal experiments involving
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static tumor growth in mice from the experiment shown in A. (C) Quantifications of the bioluminescence are shown (n = 6 per group). (D) HE
images of the lung sections of mice from the experiment shown in A. Scale bar = 2 mm. (E) Quantification of the numbers (left) and total area
(right) of mice lung metastatic nodules in different groups (n = 6 per group). Data in C and E are mean + SD; Welch’s r-test. *P < 0.05.
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Time after surgery (day)

Correlation between miR-29a-3p expression and collagen I in human lung cancer patients. (A) Kaplan—Meier survival analysis of

COLIAI and miR-29a-3p expression in lung cancer patients. (B) Relative COLIAI expression in 15 pairs of lung adenocarcinoma tissues and
adjacent normal tissues, determined by qRT-PCR (n = 15; two-tailed, paired #-test). (C) Comparison of COLIA]I levels of normal tissues (left
panel) and lung cancer tissues (right panel) in different lung cancer grades (mean £+ SD; Grade II, n = 9; Grade II-1II, n = 6; Welch’s t-test.
*P < 0.05). (D) Relative miR-29a-3p expression levels in 15 pairs of lung adenocarcinoma tissues and adjacent normal tissues, determined by
gRT-PCR (n = 15; two-tailed, paired r-test). (E) Comparison of the relative miR-29a-3p levels of normal tissues (left panel) and lung cancer
tissues (right panel) in different lung cancer grades (mean £ SD; Grade II, n = 9; Grade II-1II, n = 6; Welch’s r-test. *P < 0.05). (F) Correlation
between COLIA I and hsa-miR-29a-3p levels. The Pearson correlation coefficient is indicated (n = 30, P = 0.0138, r = —0.4449). (G) Relative
miR-29a-3p expression in circulating exosomes (n = 8; mean + SD; Welch’s #-test). (H) Correlation of circulating miR-29a-3p expression with
overall survival in lung adenocarcinoma patients (low expression, n = 5; high expression, n = 3; ns: no significance).

miRNAs play important roles in tumor progression”’ through
tumor suppressor inactivation or pathways such as MAPK and
AKT? or p53*°. miRNAs are promising therapeutic targets’’,
although miRNA antagonists or mimics are quickly degraded
and cleared, and tissue-specific delivery is challenging™. In this
study, we designed a liposome packaged miRNA system RNA-
lipoplex, which could protect miRNA from degradation and in-
crease the stability of miRNAs in circulation'’. In addition, by

adjusting the charge ratio of DOTAP/cholesterol to miRNAs to
4:1, we showed that the miR-29a-3p mimic could be specifically
delivered to the lung. The increased miR-29a-3p enrichment in
the lung efficiently decreased lung tumor cell colonization.
Although it has been confirmed that the miRNAs can be spe-
cifically sent to the lung and spleen by modifying their ratio with
liposomes, the underlying mechanisms are still under
investigation.



950

Yan Yan et al.

miR-29 has been recognized as a critical miRNA in various
cancers, regulating multiple oncogenic processes”'. miR-29 ex-
hibits strong anti-fibrotic activity by negatively regulating of ECM
proteins, including collagens and fibrillin®***. Our data confirmed
miR-29a-3p alone or contained in CPT-Exo could significantly
down-regulate collagen I expression in lung fibroblasts. Some
studies have indicated a tumor-promoting function of miR-29, but
the majority of publications have demonstrated its tumor sup-
pressor properties by inhibiting various tumor development-
related targets, such as proliferation, angiogenesis, or
epithelial—mesenchymal transition*'. Our clinical data indicated
that lung cancer patients with high miR-29a-3p expression ach-
ieved better survival outcomes than those with low miR-29a-3p
expression, suggesting a potential prognostic value and thera-
peutic target for miR-29a-3p in lung cancers. Interestingly, RNA-
LPX-based miR-29a-3p delivery significantly reduced metastatic
sites in the lung, indicating interesting avenues of research that
may lead to the development of therapeutic interventions aimed to
enrich miR-29a-3p accumulation in the lung.

Comparing the two delivery systems we used in this study, the
exosomal nanovesicles showed excellent biological compatibility,
superior to liposomal nanovesicles, and particularly small size,
thus acting as natural carriers for miR-29a-3p transfer. However,
unknown factors, including other miRNAs and proteins in the
exosomes, may cause uncertain side-effects during tumor treat-
ment. On the contrary, liposomal nanovesicles have clear content
and can be sent to specific organs but show low biological
compatibility and are often detected by immune cells, so their
biological safety in preclinical studies needs to be reevaluated.
Future studies should take advantage of the features of these two
nanovesicles and exploit specific miRNA-loading exosomal-based
nanovesicles for the delivery of therapeutic drugs and nucleic
acids.

5. Conclusions

In summary, our study demonstrates the inhibition of lung tumor
metastasis by the transmission of miR-29a-3p in the manner of
tumor exosomes or liposomal-based nanovesicles, thereby
decreasing collagen I expression in lung fibroblasts and restraining
metastasis by undermining the establishment of a viable PMN.
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