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Abstract With the understanding of microRNA (miRNA or miR) functions in tumor initiation, pro-

gression, and metastasis, efforts are underway to develop new miRNA-based therapies. Very recently,

we demonstrated effectiveness of a novel humanized bioengineered miR-124-3p prodrug in controlling

spontaneous lung metastasis in mouse models. This study was to investigate the molecular and cellular

mechanisms by which miR-124-3p controls tumor metastasis. Proteomics study identified a set of pro-

teins selectively and significantly downregulated by bioengineered miR-124-3p in A549 cells, which

were assembled into multiple cellular components critical for metastatic potential. Among them, plectin

(PLEC) was verified as a new direct target for miR-124-3p that links cytoskeleton components and junc-

tions. In miR-124-3p-treated lung cancer and osteosarcoma cells, protein levels of vimentin, talin 1

(TLN1), integrin beta-1 (ITGB1), IQ motif containing GTPase activating protein 1 (IQGAP1), cadherin

2 or N-cadherin (CDH2), and junctional adhesion molecule A (F11R or JAMA or JAM1) decreased,

causing remodeling of cytoskeletons and disruption of cellecell junctions. Furthermore, miR-124-3p

sharply suppressed the formation of focal adhesion plaques, leading to reduced cell adhesion capacity.

Additionally, efficacy and safety of biologic miR-124-3p therapy was established in an aggressive exper-

imental metastasis mouse model in vivo. These results connect miR-124-3p�PLEC signaling to other el-

ements in the control of cytoskeleton, cell junctions, and adhesion essential for cancer cell invasion and

extravasation towards metastasis, and support the promise of miR-124 therapy.
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1. Introduction

Cancer remains a leading cause of death worldwide1, and systemic
metastasis of primary tumor accounts for about 90% of cancer
deaths2e4. By the time an advanced tumor such as osteosarcoma is
diagnosed, around 15%e20% of patients likely have macro-
metastases; the most common of which are pulmonary metastases
(85%e90%), and the rest of patients are believed to have
micrometastases which are undetectable by current diagnostic
means5. In addition, 11%e36% of patients with non-small cell
lung cancer (NSCLC), the most common type of lung cancer6,7,
exhibit distant metastasis, and up to 93% of patients show
malignant dissemination when post-mortem analyses were con-
ducted8. Since there are limited treatment options for metastatic
diseases9, large efforts are underway to improve the understanding
of metastatic processes, identify potential targets, develop new
therapeutics, and define pharmacological actions of effective
agents.

While small molecules and antibodies remain the most com-
mon forms of drugs in clinical use and under investigations, RNAs
or oligoribonucleotides have emerged as a new class of thera-
peutics that hold great promise to expand the druggable targets
from proteins to the genome and transcripts which far outnumber
proteins10e13. Since 2018, three siRNA drugs, patisiran, givosiran,
and lumasiran, have been already approved by the United States
Food and Drug Administration for clinical use. Among them,
patisiran and lumasiran follow the mechanism of actions of
genome-derived microRNAs (miRNAs or miRs), through base
pairing with the 30-untranslated regions (30 UTR) of targeted
transcripts14,15. Indeed, miRNAs are a superfamily of small non-
coding RNAs (ncRNAs) governing posttranscriptional gene
regulation behind essentially all cellular processes, and some
miRNAs have been revealed to play important roles in the path-
ogenesis of various human diseases including cancer14e17.

With an improved understanding of the important roles of
miRNAs (e.g., miR-34 and miR-124) in tumorigenesis and metas-
tasis, there is growing interest in developing miRNA-based
therapies10,12,16e18. Some miRNA-based therapies such as miR-16
and miR-34 have entered into clinical trials19,20. However, current
miRNA research and development rely mainly on the miRNA
mimics made in vitro by chemical synthesis, which are different
from natural RNAs produced and folded in vivo12,21. Our efforts
have led to the development of a novel ncRNA bioengineering
technology to achieve high-yield, large-scale, and cost-effective
in vivo fermentation production of bioengineered RNAi agents
(BERAs) by using tRNA-fused pre-miRNA as a carrier to accom-
modate payload miRNAs or other small RNAs22e24. Acting as a
“prodrug”, BERAs are precisely processed to target miRNAs in
human cells to selectively regulate target gene expression22e30. Co-
administration of biologic miRNAs with chemotherapeutic drugs
can synergistically inhibit the viability of human carcinoma cells
through co-targeting of pharmacokinetic and pharmacodynamic
factors31,32. We have further established the effectiveness of several
BERAs in the control of tumor growth in different xenograft mouse
models, including let-7c-5p against advanced hepatocellular carci-
noma27, miR-1291-5p against pancreatic cancer26, and miR-34a-5p
against NSCLC22. Very recently, we have produced a small set of
humanized BERAs (hBERAs) and identified hBERA/miR-124-3p
as a potent inhibitor against human osteosarcoma cell viability
and invasiveness in vitro24. Moreover, hBERA/miR-124-3p signif-
icantly reduces tumor growth and pulmonary metastasis in the
orthotopic osteosarcoma xenograft and spontaneous metastases
mouse models in vivo24.

In this study, we aimed at delineating the molecular and
cellular mechanisms by which hBERA/miR-124-3p controls
metastasis. We first conducted a liquid chromatography tandem
mass spectrometry (LC�MS/MS)-based proteomics study that
allowed us to identify a set of proteins selectively and signifi-
cantly suppressed by biologic miR-124-3p prodrug that are
assembled into multiple cellular components critical for cell
adhesion and metastasis. After verifying several downregulated
proteins in both NSCLC A549 and osteosarcoma 143B and MG-
63 cells, we identified and validated plectin (PLEC) as a direct
target for miR-124-3p. Further, we employed confocal imaging
technology to demonstrate the actions of hBERA/miRNA-124-
3p in remodeling cell cytoskeleton, disrupting adherens junc-
tions, and reducing focal adhesion plaques, leading to reduced
cell adhesion capacity. In addition, the effectiveness and safety
of miR-124-3p therapy in the control of lung metastasis was
established in experimental metastasis mouse models in vivo.
These findings shall provide insights into biologic miRNA-
124-3p prodrug mechanisms of actions in the control of metas-
tasis and development of miRNA therapeutics.

2. Materials and methods

2.1. Materials

RPMI 1640 medium, trypsin, phosphate-buffered saline (PBS),
fetal bovine serum, opti-MEM, RIPA buffer, bicinchoninic acid
(BCA) Protein Assay Kit, and Lipofectamine 3000 Transfection
reagents were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Protease inhibitor cocktail and Trizol reagent were
bought from SigmaeAldrich (St. Louis, MO, USA). Clarity
Western Enhanced Chemiluminescence Substrates, blotting-grade
blocker, and polyvinylidene difluoride (PVDF) membranes were
purchased from Bio-Rad (Hercules, CA, USA). In vivo-jetPEI was
purchased from Polyplus-transfection (New York, NY, USA). All
other chemicals were purchased from SigmaeAldrich or Thermo
Fisher Scientific Inc.

2.2. Human cell culture

The human lung carcinoma A549 (CCL-185), osteosarcoma 143B
(CRL-8303), MG-63 (CRL-1427), and embryonic kidney HEK293
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(CRL-1573) cells were purchased from American Type Culture
Collection (Manassas, VA, USA). Carcinoma cells and
HEK293 cells were maintained in RPMI 1640 and DMEM media,
respectively, containing 10% fetal bovine serum, at 37 �C in a
humidified atmosphere with 5% carbon dioxide.

2.3. Expression and purification of hBERA/miR-124-3p and
control RNA

Humanized biologic hBERA/miR-124-3p and control RNA,
namely human leucyl tRNAwith a sephadex aptamer (LSA), were
produced through in vivo fermentation production, as described
very recently24. The hBERA/miR-124-3p prodrug is assembled by
using the human leucyl tRNA, and the corresponding LSA was
revealed as a valid control RNA to determine miR-124-3p func-
tion24, which was chosen according to our previous findings on
BERAs22,23,26,30. Briefly, HST08 E. coli competent cells (Clon-
tech Laboratories, Mountain View, CA, USA) were transformed
with hBERA/miR-124-3p or LSA expression plasmids and incu-
bated at 37 �C for 15e16 h. Total RNAs were isolated by using
Tris-HCl saturated phenol method, recombinant RNAs were
further purified with an ENrich™ Q 10 � 100 column on an NGC
Quest 10 Plus Chromatography fast protein liquid chromatog-
raphy (FPLC) system (Bio-Rad), as reported22,24. FPLC-purified
RNAs were quantified with a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific), and purities were determined by using
a high-performance liquid chromatography (HPLC) method, as
described25. Endotoxin levels were measured by using the
Pyrogent-5000 kinetic LAL assay (Lonza, Walkersville, MD),
following manufacturer’s instructions. The hBERA/miR-124-3p
and LSA with high purity (>98%) and low endotoxin activity
(<5 EU/mg RNA) were used in the following studies.

2.4. Proteomics study

A549 cells were plated at 300,000 cells/well in a 6-well plate,
grown overnight, and transfected with 15 nmol/L of RNAs or
empty Lipofectamine 3000 (vehicle). Three replicates were con-
ducted for each group, and cell pellets collected at 72 h post-
transfection were submitted to the UC Davis Proteomics Core for
digestion and LC�MS/MS analyses. Briefly, proteins were
extracted in 2% sodium lauryl sulfate in 50 mmol/L triethyl
ammonium bicarbonate (TEAB). Protein concentration was
determined by BCA assay, and 150 mg/sample was used for
S-Trap based digestion (Protifi, Farmingdale, NY, USA) by
following the manufacturer’s instructions33,34. The digested pep-
tides were released from the S-trap column, vacuum centrifuged to
dryness and resuspended in 2% acetonitrile containing 0.1% tri-
fluoroacetic acid. Peptide concentrations were determined by
using Pierce Quantitative Fluorometric Peptide Assay (Thermo
Fisher Scientific).

LC�MS/MS analysis was performed using an Ultimate 3000
nano-LC system coupled to an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific). Peptides were separated
on an Easy-spray 100 mm � 25 cm C18 column over a 90-min
gradient elution with solvent A (0.1% formic acid) and solvent B
(100% acetonitrile with 0.1% formic acid), from 2% solution B
to 50% for 60 min followed by a 50%e99% solution B in 6 min
and then held for 3 min before changed back to 2% in 2 min.
Thermo Scientific Fusion Lumos mass spectrometer running in
Data Independent Acquisition mode. Six gas phase fractionated
(GPF) chromatogram library injections were made using
staggered 4 Da isolation widows, GPF1 400e500 m/z, GPF2
500e600 m/z, GPF3 600e700 m/z, GPF4 700e800 m/z, GPF5
800e900 m/z, and GPF6 900e1000 m/z. Data were acquired
using a collision energy of 35, resolution of 30,000, maximum
inject time of 54 ms and a AGC target of 50,000. Each sample
was run with staggered isolation windows of 12 Da in the range
400e1000 m/z.

MS raw data were analyzed using Scaffold DIA (2.0.0) (Pro-
teome Software, Portland, OR, USA). Raw data files were con-
verted to mzML format using ProteoWizard (3.0.11748). The
Reference Spectral Library was created by Encyclopedia (0.9.2).
Reference samples were individually searched against uniprot-
proteome_UP000005640.fasta with a peptide mass tolerance of
10.0 ppm and a fragment mass tolerance of 10.0 ppm. Peptides
identified in each search were filtered by Percolator (3.01.nightly-
13-655e4c7-dirty) to achieve a maximum false discovery rate
(FDR) of 0.0135. Individual search results were combined and
peptides were again filtered to an FDR threshold of 0.01 for in-
clusion in the reference library. Analytic samples were aligned
based on retention times and individually searched against the
reference Spectral library created from the six GPF runs described
above with a peptide mass tolerance of 10.0 ppm and a fragment
mass tolerance of 10.0 ppm. Peptides identified in each sample
were filtered by Percolator to achieve a maximum FDR of 0.01.
Individual search results were combined and peptide identifica-
tions were assigned posterior error probabilities and filtered to an
FDR threshold of 0.01 by Percolator. Peptide quantification was
performed by EncyclopeDIA (0.9.2). For each peptide, the 5
highest quality fragment ions were selected for quantitation.
Proteins that contained similar peptides and could not be differ-
entiated based on MS/MS analysis were grouped to satisfy the
principles of parsimony. Proteins with a minimum of 2 identified
peptides were thresholded to achieve a protein FDR threshold of
0.0135.

2.5. Pathway and miRNA enrichment analyses

Differentially expressed proteins in cells following miR-124-3p
treatment were identified stringently (fold change�30%,
FDR<0.02, and intensity>200,000) by using EdgeR package.
Gene Ontology (GO) networks, functions, and pathways were
generated from those downregulated proteins by using STRING
(https://string-db.org/)36. In addition, miRNA target enrichment
analysis was conducted by using MIENTURNET (http://userver.
bio.uniroma1.it/apps/mienturnet/)37.

2.6. Plasmid construction and luciferase reporter assays

The PLEC 30 UTR segment (0e1024 nucleotides from stop codon),
consisting of two putative miRNA response elements (MREs) for
miR-124-3p identified by using TargetScan (http://www.targetscan.
org/) was cloned downstream of the firefly luciferase gene within
dual-luciferase pEZX-MT06 vector (GeneCopoeia, Rockville, MD,
USA). To validate the interactions between miR-124-3p and MREs,
three mutations were designed and created. The four plasmids were
constructed by GeneCopoeia and validated by DNA sequencing.
Dual luciferase reporter assays were conducted as previously
described26,32. Briefly, HEK293 cells were co-transfected with
50 ng PLEC 30 UTR-luciferase reporter plasmids plus hBERA/
miR-124-3p or LSA (5 nmol/L) using Lipofectamine 3000, or
vehicle alone. After 48 h, luciferase activity was determined by
using the dual-luciferase reporter assay system (Promega, Madison,

https://string-db.org/
http://userver.bio.uniroma1.it/apps/mienturnet/
http://userver.bio.uniroma1.it/apps/mienturnet/
http://www.targetscan.org/
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WI, USA) following the manufacturer’s instructions, on a
SpectraMax� M3 microplate reader (Molecular Devices, Sunny-
vale, CA, USA). The firefly luciferase activity was normalized to
corresponding Renilla luciferase activity and then normalized to
vehicle control group.

2.7. Reverse transcription quantitative real-time PCR (qPCR)

Cells (2.0 � 105 cells/well) were grown in 24-well plate and
transfected with hBERA/miR-124-3p or LSA (15 nmol/L for
A549, and 10 nmol/L for 143B and MG-63 cells) using Lip-
ofectamine 3000. Total RNAs were extracted at 48 h post-
transfection using a Direct-zol RNA MiniPrep Kit (Zymo
Research, Irvine, CA, USA). Reverse-transcription was conducted
with NxGen M-MuLV reverse transcriptase (Lucigen, Middleton,
WI, USA) and random hexamers (for U6) or stem-loop primer 50-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA-
TACGACGGCATT-30 (for miR-124-3p). Real-time PCR analysis
was carried out on a CFX96 Touch real-time PCR system (Bio-
Rad) using specific primers: forward 50-GCGCTAAGG-
CACGCGGTG-30 and reverse 50-GTGCAGGGTCCGAGGT-30

for miR-124-3p, and forward 50-CTCGCTTCGGCAGCACA-30

and reverse 50-AACGCTTCACGAATTTGCGT-30 for U6. The
relative expression levels of mature miR-124-3p were calculated
by the comparative threshold cycle (Ct) method using formula
2�DDCt.

2.8. Immunoblot analyses

Cells (3.0 � 105 cells/well) were seeded in 6-well plates and
transfected with hBERA/miR-124-3p, LSA (15 nmol/L for
A549, and 10 nmol/L for 143B and MG-63 cells), or vehicle.
Cells were harvested at 48 h post-treatment, and total proteins
were isolated with RIPA lysis buffer supplemented with com-
plete protease inhibitors. Protein concentrations were determined
with BCA kit. Thirty mg of proteins were resolved with 6%,
10%, or 12% polyacrylamide gel electrophoresis gel and trans-
ferred on to a PVDF membrane. Following a 2-h blocking with
5% milk, PVDF membranes were incubated with selective an-
tibodies against PLEC (sc-33649, Santa Cruz, USA; 1:200),
integrin beta-1 (ITGB1; sc-374429, Santa Cruz; 1:100), IQ motif
containing GTPase activating protein 1 (IQGAP1; 20648S, Cell
signaling Technology, USA; 1:1000), vimentin (VIM; 5741S,
Cell signaling Technology; 1:1000), N-cadherin or cadherin 2
(CDH2; 13116s, Cell signaling Technology; 1:1000), talin-1
(TLN1; PA5-82162, Thermo Fisher Scientific; 1:200), junc-
tional adhesion molecule A (JAMA or JAM1 or F11R;
ab269948, Abcam, USA; 1:1000 dilution), or b-actin (A5441,
SigmaeAldrich; 1:3000), and then incubated with horseradish
peroxidase-conjugated secondary antibodies (anti-rabbit,
1:10,000, Jackson ImmunoResearch, West Grove, PA, USA;
anti-mouse, 1:3000, Cell Signaling Technology). Individual
protein bands were visualized with ChemiDoc MP Imaging
System (Bio-Rad) after incubation with Clarity Western
enhanced chemiluminescent blotting substrates, and band den-
sities were determined by Image Lab software (Bio-Rad) and
normalized to corresponding b-actin levels.

2.9. Confocal imaging studies

A549 (2.0 � 104 cells/well), 143B (1.0 � 104 cells/well), and
MG-63 (1.0 � 104 cells/well) cells were plated on 8-well chamber
slides overnight for attachment. Subsequently, cells were treated
with vehicle, LSA, or hBERA/miR-124-3p (15 nmol/L for A549,
10 nmol/L for 143B and MG-63). At 48-h post-transfection, the
medium was removed and cells were washed with PBS and fixed
with 4% paraformaldehyde for 20 min. Cells were then per-
meabilized with 0.25% Triton X-100 for 10 min, washed 3 times,
blocked with 1% BSA in PBS for 30 min, and stained with se-
lective anti-PLEC (sc-33649, Santa Cruz; 1:50), anti-CDH2
(13116s, Cell signaling Technology; 1:200), and anti-vinculin
antibody (V9131, SigmaeAldrich; 1:400) in blocking buffer
overnight at 4 �C, followed by the incubation with anti-mouse or
anti-rabbit Alexa Fluor� 488-conjugated secondary antibody and
then 4ʹ,6-diamidino-2-phenylindole (DAPI; #4083, Cell signaling
Technology) for staining nuclei or Alexa Fluor� 594 Phalloidin
(#12877, Cell signaling Technology) for staining F-actin. Images
were acquired by using a Zeiss Axio Observer.z1 Microscope
coupled to a Zeiss LSM 710 Scanning Device (Zeiss, Oberkochen,
Germany).

2.10. Cell adhesion assay

Adhesion assays were performed by using the Vybrant™ Cell
Adhesion Assay Kit (V-13181, Thermo Fisher Scientific) ac-
cording to the instructions. Briefly, cells (3.5 � 105 cells/well)
were seeded into 6-well plates and treated with hBERA/miR-124-
3p or LSA (15 nmol/L for A549, and 10 nmol/L for 143B and
MG-63 cells), or vehicle. After 48 h, cells were detached with Cell
Dissociation Buffer, washed with PBS, resuspended in RPMI
medium containing Calcein AM (5 mmol/L), and then incubated at
37 �C for 30 min. Cells (1.0 � 105 cells/100 mL) were added to
96-well plates precoated with Collagen type I for attachment. To
monitor cell adhesion capacity over time, cells were allowed to
adhere for 1, 2, and 4 h at 37 �C, after which the experimental
wells were aspirated and washed four times to remove non-
adherent cells. The fluorescence intensity was measured using a
SpectraMax� M3 microplate reader at an excitation of 494 nm
and emission of 517 nm. The percentage of adhesion was deter-
mined by dividing the corrected fluorescence of adherent cells by
the total corrected fluorescence of cells added to each well.

2.11. Experimental lung metastasis mouse models and miR-124
therapy studies

All animal procedures were approved by the Institutional Animal
Care and Use Committee of University of California, Davis (UC
Davis, USA). Five-to six-week-old female non-obese diabetic/
severe combined immunodeficient (NOD/SCID) mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA) and
adaptively fed at least 1 week before experiments. Experimental
lung metastasis mouse models were established through intrave-
nous (i.v.) injection of 143B cells38. Briefly, each mouse was
inoculated with 143B-GFP-Luc cells (3.0 � 106) suspended in
250 mL saline through tail vein injection. Tumor growth was
monitored by bioluminescence imaging after the injection of
D-luciferin potassium salt solution (150 mg/kg, intraperitoneally)
at 5 min post-anesthesia, by using a Spectral Lago X Imaging
System (Spectral Instruments Imaging, Tucson, AZ, USA), and
normalized to the same exposure time. Mice showing similar lung
bioluminescence signals were divided randomly into two groups
and subjected to in vivo-jetPEI-formulated hBERA/miR-124-3p or
control LSA treatments (30 mg, i.v., 3 times per week for 3 weeks).
At the end of the study, all mice were euthanized and lungs were
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dissected. Following ex vivo imaging, lung tissues were fixed with
10% formalin and subjected to hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC) examination of prolif-
eration and apoptosis biomarkers, as well as miR-124-3p target
CDH2, at UC Davis Center for Genomic Pathology. Slides were
scanned by using an Aperio AT2 ScanScope (Leica Biosystems,
Danvers, MA, USA). Additionally, blood sample was collected
from each mouse, and serum was isolated and subjected to blood
chemistry analyses by the Comparative Pathology Laboratory at
UC Davis.

2.12. Statistical analysis

Values are presented as mean � standard deviation (SD).
Depending on the numbers of groups and variances, data were
analyzed by using Student’s t-test, one-way or two-way ANOVA
with Bonferroni post-tests (Prism; GraphPad Software, San Diego,
CA, USA). Difference was considered as statistically significant
when the probability was less than 0.05 (P < 0.05).

3. Results

3.1. Bioengineered miR-124-3p selectively controls human
NSCLC A549 cell proteome underlying multiple cellular
components critical to the metastatic potential of cells

To understand the molecular and cellular mechanisms underlying
the antitumoral and antimetastatic activities of biologic miR-124-3p
prodrugs24, we first carried out an unbiased proteomics study to
compare global protein expression profiles in A549 cells treated
with hBERA/miR-124-3p, control LSA, or vehicle. Our data
showed that the levels of 147 proteins were downregulated and 229
proteins were upregulated over 30% by hBERA/miR-124-3p
(FDR<0.3), compared with the control LSA treatment (Fig. 1A
and Supporting Information Table S1). Among these downregulated
proteins, many [e.g., ITGB1, IQGAP1, Rho-related GTP-binding
protein (RHOG), and RAS-related protein (RRAS)] are reported
targets of miR-124-3p39e42 while some (e.g., PLEC) have not been
verified yet. By contrast, LSA had nominal effects on the proteome,
as compared with vehicle treatment (Fig. 1A), supporting the use of
LSA as the control RNA. Therefore, identification of the selective
effects of miR-124-3p on targeted protein expression may be ach-
ieved by comparing miR-124-3p to either LSA or vehicle controls.
This is obvious by inspecting the top 60 most dramatically sup-
pressed proteins (Fig. 1B).

To further verify the specificity of bioengineered miRNA-124-
3p in the regulation of miR-124-3p targeted proteins, computa-
tional miRNA enrichment analysis was performed. The results
indicated that only miR-124-3p or miR-506-3p, within the same
miR-124/506 family, was significantly (FDR<0.01) enriched
when inputting the hBERA/miRNA-124-3p-downregulated pro-
teins (Fig. 1C), demonstrating the specificity of bioengineered
hBERA/miR-124-3p in the control of miR-124-3p target gene
expression.

In addition, functional pathway analysis was conducted for a
set of 88 downregulated proteins identified from the above pro-
teins (Fig. 1A) by using more stringent criteria (FDR<0.2). The
results showed that miR-124-3p-suppressed proteins (e.g., ITGB1,
VIM, PLEC, IQGAP1, TLN1, CDH2, JAM1) formed a network of
interactions in the control of many cellular elements, including
anchoring junction, adherens junction, and focal adhesion
(Fig. 1D), which are critical factors for carcinoma cell invasive-
ness and metastasis43,44. Collectively, these findings indicate that
biologic miR-124-3p selectively modulates the expression of tar-
geted proteins governing a network of important cellular compo-
nents critical for the metastatic potential of cancer cells.

3.2. Verification of the impact of humanized miRNA-124-3p
prodrug on multiple targeted proteins important in cytoskeleton,
cell adhesion, and junctions

A number of validated miR-124-targeted proteins, such as TLN1,
ITGB1, IQGAP1, CDH2, VIM, and JAM1, assembled into mul-
tiple cellular components critical for cancer metastasis (Fig. 1)
were thus chosen for targeted analyses towards verification of
proteomic findings. As shown in Fig. 2A, mature miR-124-3p was
specifically released from biologic hBERA/miR-124-3p agents in
cells, as manifested by over 1600-, 460-, and 350-fold higher
levels in A549, 143B, and MG-63 cells, respectively, than LSA or
vehicle treatments. Immunoblot analyses were conducted with
selective antibodies and the data demonstrated that proteins levels
of TLN1, ITGB1, IQGAP1, CDH2, and JAM1, which are
important elements in cytoskeleton, cell adhesions, and
junctions43e45, were all reduced remarkably by miR-124-3p in
both NSCLC A549 and osteosarcoma 143B and MG-63 cells
(Fig. 2B). Interestingly, while hBERA/miR-124-3p significantly
suppressed the protein levels of VIM in A549 cells, the effects
were absent in 143B and MG-63 cells when compared with LSA
treatment (Fig. 2B). Together, these results verified the reduction
of some targeted proteins in human NSCLC and osteosarcoma
cells by humanized biologic miRNA-124-3p prodrug.

3.3. PLEC is identified and verified as a direct target for
miR-124-3p

Among those downregulated proteins assembled into important
cellular components (Fig. 1), PLEC is a giant protein critical for
cytoskeleton organization and dynamics, as well as linkage be-
tween cytoskeleton and junctions of plasma membrane46,47.
Interestingly, PLEC was revealed as a direct target for miR-124-3p
that has not been validated yet, consisting of two well-conserved
MREs for miR-124-3p (Fig. 3A). To investigate the interactions
between PLEC and miR-124-3p, PLEC 30 UTR-luciferase reporter
plasmids including wild type and three mutants were constructed,
and dual luciferase reporter assays were performed. The results
showed that wild-type PLEC 30 UTR-luciferase activities were
inhibited more than 40% by miR-124-3p, compared with control
LSA or vehicle treatments (Fig. 3B). The impact of miR-124-3p
on PLEC 30 UTR reporter activities retained when the proximal
MRE1 was disrupted alone (mutant 1), whereas the effects dis-
appeared when the distal MRE2 was mutated (mutants 2 and 3)
(Fig. 3B), suggesting the importance of distal MRE within PLEC
30 UTR for the interactions with miRNA-124-3p.

We further carried out immunoblot and immunofluorescence
studies to determine the impact of miR-124-3p on PLEC protein
outcomes in NSCLC and osteosarcoma cells. Consistent with
proteomic findings (Fig. 1), immunoblot studies showed that
PLEC protein levels were reduced approximately 80% by bio-
engineered miR-124-3p in A549 cells (Fig. 3C). Rather, the ef-
fects of miR-124-3p on PLEC protein levels were smaller or
statistically insignificant in 143B and MG-63 cells.
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Immunofluorescent studies revealed the same results, as indicated
by the intensity of staining for PLEC (Supporting Information
Fig. S1), with a dramatic reduction of the numbers of A549, 143B,
and MG-63 cells by biologic miR-124-3p. Together, these results
demonstrated that miR-124-3p directly acts on PLEC 30 UTR and
suppresses the levels of PLEC protein.

3.4. Biologic miRNA-124-3p alters the morphology of human
carcinoma cells by inducing cytoskeletal network remodeling

An obvious change of cell morphology was immediately noted after
the treatment with miRNA-124-3p. The NSCLCA549 (Fig. 4A) and
Figure 1 Bioengineered miR-124-3p selectively controls the levels of m

potential of cells. (A) Volcano plots of significantly-altered proteins (FC>

versus control LSA, as well as LSA versus vehicle. 147 proteins were do

reported and many are not verified yet. Further, control RNA showed minim

group. (B) Heatmap of the top 60 most downregulated proteins by hBERA/m

hBERA/miR-124-3p in the regulation of miR-124-3p targeted genes is sup

miR-124-3p underlying genes encoding the proteins significantly downreg

revealed by Gene Ontology (GO) enrichment analysis of downregulated p
osteosarcoma MG-63 (Supporting Information Fig. S2A) cells
transfected with hBERA/miR-124-3p underwent apparent changes
from spindle to oval shapes and became less clustered, alignedwith a
lower number of cells. On the other hand, 143B cells seemed largely
compressed after treated with miR-124-3p, besides the gradual
decrease in number of cells that were less associated (Fig. 4A).

The alteration of cell morphology mirrors the change of
cytoskeleton that was further investigated by confocal imaging of
F-actin and PLEC staining (Fig. 4B and Fig. S2B). The stress fi-
bers or F-actin bundles were distinctly observed in the cytoplasm
of cells subjected to control RNA or vehicle treatments. In
contrast, only punctuated or short rod-like F-actin was present in
any proteins involved in cellular components critical to the metastatic

30% and FDR<0.3) in A549 cells treated with hBERA/miR-124-3p

wnregulated by hBERA/miR-124-3p, among which some targets are

al impact on cell proteome, compared with vehicle treatment. n Z 3/

iR-124-3p, compared to LSA or vehicle treatments. (C) Specificity of

ported by miRNA enrichment analyses, which readily identified hsa-

ulated by hBERA/miR-124-3p. (D) Major biological processes were
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cells treated with biologic miRNA-124-3p (Fig. 4B). Moreover,
the F-actin staining revealed an impairment of the microvilli, or
lamellipodia- and filopodia-like structures, within the highly
metastatic 143B cells by miR-124-3p, compared with LSA and
vehicle treatments. In addition, beside a lower intensity, the dis-
tribution of cytoskeletal PLEC was changed from the periphery
towards center of miR-124-3p-treated cells, in line with the re-
organization of F-actin (Fig. 4B and Fig. S2B). These results
demonstrated an important role for miRNA-124-3p in the control
of cytoskeletal and cellular morphology, attributed to the down-
regulation of multiple targeted proteins (Figs. 1 and 2), including
the cytoskeletal linker PLEC (Fig. 3).
Figure 2 Bioengineered miR-124-3p modulates the expression of mul

124-3p was precisely processed to target miR-124-3p in human NSCLC

tive stem-loop reverse transcription qPCR assay. (B) The levels of many pro

downregulated consequently, as determined by immunoblot analyses. Va
aP < 0.05, as compared to LSA control; bP < 0.05, compared to vehicle
3.5. MiRNA-124-3p prodrug impairs human carcinoma
cellecell adherens junctions

Because proteomics studies revealed many downregulated pro-
teins assembled into cell adherens and anchoring junctions (Fig. 1)
essential for the integration of individual cells into sphere and
metastasis, among which some (e.g., IQGAP1, JAM1, CDH2, and
PLEC) were verified by immunoblot studies (Figs. 2 and 3), we
employed confocal microscopy to investigate the effects of bio-
engineered miR-124-3p on cell�cell adherens junctions. CDH2,
a calcium-dependent adhesion protein that preferentially medi-
ates the adherens junctions of adjacent cells, was chosen for
tiple cytoskeleton, adhesion, and junction proteins. (A) hBERA/miR-

A549, osteosarcoma 143B, and MG-63 cells, as quantitated by selec-

teins involving cytoskeletal architecture, junctions, and adhesion were

lues are mean � SD. ***P < 0.001; ns, not significant (P � 0.05);

treatment (one-way ANOVA with Bonferroni post hoc tests).



Figure 3 PLEC is verified as a new target for miR-124-3p. (A) Two conserved MRE sites were identified for miR-124-3p within the 30 UTR of

PLEC. The proximal MRE1 and distal MRE2 were altered alone or together to generate specific mutants 1e3. (B) Luciferase reporter assay

demonstrated the interactions of miR-124-3p with the MRE sites. When both MRE sites were disrupted (mutant 3), PLEC 3ʹ UTR-luciferase
activities were not changed by miR-124-3p. *P < 0.05; ns, not significant (two-way ANOVA with Bonferroni post hoc tests). (C) Immuno-

blot analyses revealed the impact of miR-124-3p on PLEC protein levels in human NSCLC A549 as well as osteosarcoma 143B and MG-63 cells.

Values are mean � SD. aP < 0.05, as compared to LSA control; bP < 0.05, compared to vehicle treatment (one-way ANOVAwith Bonferroni post

hoc tests).
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immunofluorescence imaging studies. Our results showed that
treatment with hBERA/miR-124-3p not only dramatically reduced
the intensity of CDH2 signals but also interrupted its distribution
along the cytoplasm membranes of A549 and 143B cells (Fig. 5),
as well as MG-63 cells (Supporting Information Fig. S3), impli-
cated to the impairment of cell�cell adherens junctions by bio-
logic miRNA-124-3p agent.

3.6. Bioengineered miRNA-124-3p largely disrupts the focal
adhesion complexes in human carcinoma cells

We further sought to delineate the impact of biologic miRNA-124-
3p on focal adhesions, which anchor the cytoskeleton to the
membrane and extracellular matrix (ECM) and are critical for
cancer metastasis. As proteomic (Fig. 1) and immunoblot studies
(Figs. 2 and 3) demonstrated significant reduction of multiple
proteins (e.g., ITGB1, TLN1, and PLEC) that are elements of
focal adhesion complexes, we chose to use confocal microcopy to
examine vinculin plaques, a binder partner for talin, integrin
proteins, and actin cytoskeleton48. Our data showed that vinculin-
containing focal adhesion complexes were aligned densely along
the extension of actin cytoskeleton and enriched at the plasma
membrane regions of the control RNA- or vehicle-treated A549
and 143B cells (Fig. 6), as well as MG-63 cells (Supporting In-
formation Fig. S4). Following the treatment with miR-124-3p, the
shortened or distorted actin filaments were accompanied with
sparse and fewer focal adhesion plaques that seemed unable to
aggregate along plasma membranes in cells. These results
demonstrated the effectiveness of bioengineered miR-124-3p in
suppressing mature focal adhesion complexes attached to the end
of the stress fibers and anchoring cells to ECMs.

3.7. Biologic miRNA-124-3p molecule significantly reduces
carcinoma cell adhesion capacity

We thus directly measured the effects of hBERA/miRNA-124-3p
on cellematrix adhesion capacity that is essential for carcinoma
cell invasion and metastasis. As shown in Fig. 7 and Supporting
Information Fig. S5, both NSCLC A549 and osteosarcoma 143B
and MG-63 cell adhesion capacities were inhibited by biologic
miR-124-3p prodrug. For instance, 45%e52%, 68%e72%, and
78%e83% of control LSA- or vehicle-treated A549 cells achieved
adherence at 1, 2, and 4 h, respectively, after seeding. By contrast,
around 30%, 50%, and 62% of miR-124-3p-treated A549 cells



Figure 4 Alteration of the morphology and redistribution of cytoskeleton of human NSCLC and osteosarcoma cells by biologic miR-124-3p.

(A) Phase contrast images (10� magnification) of cells taken with a digital camera under an Olympus CK�31 inverted microscope at different

time points following various treatments. A549 and 143B cells gradually changed from spindle to oval shapes or largely compressed by miR-124-

3p, with the decrease of cell numbers and clusters. (B) Confocal imaging studies revealed a redistribution of cytoskeletal networks by miR-124-

3p, as manifested by F-actin (red) and PLEC (green) staining. In addition, the microvilli or lamellipodia- and filopodia-like structures (white

arrowheads) within the 143B cells were sharply impaired by miR-124-3p. Nuclei stained with DAPI are labeled in blue. Scale bar, 10 mm.
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were adherent to the surface at 1, 2, and 4 h, respectively, after
seeding, which is equivalent to a 20%e45% suppression of cell
adhesion. These data indicated the efficacy of bioengineered miR-
124-3p in the control of cell adhesion, attributed to the suppres-
sion of adhesion proteins (Figs. 1 and 2), and consequently disrupt
cellecell junctions and focal adhesion complexes (Figs. 5 and 6).

3.8. Bioengineered miRNA-124-3p prodrug effectively inhibits
lung metastasis in an experimental metastasis mouse model in vivo
and does not cause any liver or kidney toxicity

Lastly, we established an aggressive experimental lung metastasis
mouse model for the assessment of efficacy and safety of fully-
humanized biologic miRNA-124-3p (Fig. 8A). The formation and
progression of lung metastasis was monitored by bioluminescence
imaging of live animals, and the results showed that miR-124-3p
treatment group exhibited relatively weaker bioluminescent sig-
nals (Fig. 8B). This was also indicated by imaging ex vivo whole
lung tissues excised from individual mice at the end of therapy
study (Fig. 8C). Further histopathological studies verified the
presence of pulmonary metastasis in all samples, and mice treated
with hBERA/miR-124-3p had significantly less lung tumor nod-
ules than control LSA (Fig. 8D). Metastatic tumor areas were also
lower in the miRNA therapy group, but it is not statistically sig-
nificant. Moreover, IHC staining for miR-124-3p target (CDH2) as
well as proliferation (Ki-67) and apoptosis (cleaved caspase-3)
biomarkers demonstrated miR-124 on-target effects as well as
the association of reduction of cell proliferation with the



Figure 5 Adherens junctions are disrupted by miR-124-3p in human NSCLC A549 and osteosarcoma 143B cells. Compared with control LSA

and vehicle treatments, hBERA/miRNA-124-3p largely decreased the CDH2 immunostaining signals (green), indicating an impairment of

cell�cell adherens junctions. DAPI-stained nuclei are in blue. Scale bar, 20 mm.
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suppression of lung metastasis (Fig. 8E). In addition, fully-
humanized miR-124 prodrug was well tolerated in mice.
Changes in body weights were not different between the treatment
groups despite that all mice showed 3%e7% gain of body weights
at the end of the study (Supporting Information Fig. S6A). Except
that the total bilirubin concentrations were slightly elevated in
three mice (one in LSA group and two in miR-124-3p treatment
group) (Fig. S6I), all other blood biomarkers for hepatic and renal
functions were within the normal ranges derived from BALB/c
strain mice and did not differ between miR-124-3p and LSA
treatment groups (Fig. S6BeS6H). Together, these results
demonstrate the effectiveness and safety of biologic miR-124-3p
therapy in the control of lung metastasis in vivo.
4. Discussion

Genome-derived miR-124-3p has been established as a tumor
suppressor through targeting of many (proto)oncogenes involved
in cancer cell proliferation, apoptosis, stemness, and invasion, and
is ubiquitously dysregulated in various types of human malig-
nancies including lung, breast, prostate, brain, liver, and
osteosarcoma49e54. Restoration of miR-124 expression and func-
tion, as well as other oncolytic miRNAs that are lost or down-
regulated in carcinoma cells, represents a new therapeutic
approach for the treatment of cancer16,17. This miRNA replace-
ment therapy reintroduces endogenous miRNAs into cancerous
cells and is expected to be more tolerable than other approaches
that employ antisense oligonucleotides to inhibit oncogenic
miRNAs overexpressed in tumors18. Previous miRNA replace-
ment therapies are mainly restricted to the use of chemo-
engineered miRNA mimics prepared in vitro12. After establish-
ing a novel approach for in vivo fermentation production of true
biologic RNA molecules, we found that chimeric tRNA/pre-
miRNA agents exhibited a rather surprisingly favorable stability
within human carcinoma cells25. Moreover, commercial in vivo-
jetPEI improves the stability of bioengineered RNAs in serum and
offers efficient delivery to lung, liver, and xenograft tissues in
mouse models25,27,55. The effectiveness of in vivo-jetPEI-formu-
lated, bioengineered miR-124-3p prodrug for the control of
spontaneous metastasis was further demonstrated with mouse
models24 while optimal delivery systems such as lipid nano-
particles and exosomes10,13,56 are to be explored. Using unparal-
leled hBERA/miR-124-3p agents combined with unbiased
proteomics and confocal imaging of NSCLC and osteosarcoma
cells, the present study established the selective effects of miR-
124-3p in the control of proteome underlying many basic
cellular components such as the cytoskeleton, cell junctions, and
adhesion. In addition, we demonstrated the efficacy and safety of
miR-124 therapy for the control of metastasis in an aggressive
experimental metastasis mouse model. These findings not only
provide new insights into understanding miR-124-3p actions in the
inhibition of tumor metastasis at the molecular and cellular levels
but also support the development of miRNA therapies.

One miRNA may control disease initiation and progression
through the regulation of multiple targets. While transcriptomics
analyses are able to determine the miRISC-bound messages or
global transcripts altered by a miRNA towards the understanding
of important targets57, proteomics studies directly identify the
influence of miRNA on the proteome outcome58,59, either through
mRNA degradation or translation inhibition mechanisms. Using
quantitative mass spectrometry-based method following stable
isotope labelling with amino acids (SILAC), Baek et al.58

analyzed the change of nuclear-localized proteins in human cer-
vical carcinoma HeLa cells by chemo-engineered miR-124
mimics, and found that the most downregulated proteins matched
the miR-124-3p seed sequence. In the present study, S-Trap and
LC�MS/MS-based shotgun proteomics technology was employed
to reveal global protein change in human NSCLC A549 cells by
bioengineered miR-124 agent, and computational miRNA
enrichment analyses identified miR-124 underlying the most
significantly suppressed proteins. Indeed, a number of miR-124
targets including TLN1, PLOD3, STOM, VIM, and PLEC were
identified in both studies. However, many well-known miR-124
targets, such as B4GALT1, CDH2, IQGAP1, ITGB1, RRAS, and
JAM1, were only identified in the current study but not by



Figure 6 MiR-124-3p controls focal adhesion plaques in human NSCLC A549 and osteosarcoma 143B cells. Confocal images showed that

there were much sparser and less vinculin-containing focal adhesion plaques (green, white arrowheads) distributed along the distorted or com-

pressed actin filaments (red) or enriched at the plasma membrane regions in cells treated with miR-124-3p, as compared with control LSA or

vehicle treatments. Nuclei are labeled in blue. Scale bar, 10 mm.
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previous proteomics study58. In addition, many of the keratin
(KRT) family proteins such as KRT1, 2, 5, 9, 10, 18, and 79 were
largely upregulated by miR-124 mimics in HeLa cells58, but not
by biologic miR-124 in A549 cells in this study. On the other
hand, the human leukocyte antigens (HLA) including HLA-A,
HLA-B, and HLA-C were greatly increased in A549 cells by
miR-124 in this study, whereas HLA-A and HLA-B remained
unchanged and HLA-C was not identified in HeLa cells following
miR-124 treatment58. This discrepancy is likely due to the focus
on different types of carcinoma cells (cervical versus pulmonary)
and cellular proteins (nuclear versus whole cell) between previous
and present studies, besides the use of different miR-124 agents
and proteomics techniques. These findings are also indicative of
the presence of common and cell-specific miRNA�transcript in-
teractions or factors important for particular cell structures and
functions. Indeed, the reduction of PLEC protein outcome by
miR-124-3p in A549 cells was revealed by the proteomic study
and confirmed by immunoblot analyses, whereas the effects were
minimal in 143B and MG-63 cells. Therefore, different types of
human carcinoma cells may exhibit variable sensitivities or be-
haviors to the same miRNA, highlighting the importance of
experimental determination and verification.

Interference with cytoskeleton elements, actin microfilaments,
microtubules, or intermediate filaments (IFs) disrupts the capacity
of tumor cells to invade, migrate, and metastasize to distal or-
gans60. Vimentin, a type III multifunctional IF protein in the
control of cell morphogenesis and migration as well as a
biomarker of epithelialetoemesenchymal transition (EMT)61, has
been shown to be required for lung adenocarcinoma metastasis by
maintaining the interactions between heterotypic tumor cells and



Figure 7 MiR-124-3p significantly inhibits the adhesion capacity of human NSCLC A549 and osteosarcoma 143B cells. Cells were treated

with hBERA/miR-124-3p, control LSA, or vehicle for 48 h, adherent cells were determined over time with the Vybrant™ Cell Adhesion Assay

Kit. Values are mean � SD. **P < 0.01, ***P < 0.001 (two-way ANOVA with Bonferroni post hoc tests).
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cancer associated fibroblasts during collective invasion62.
Agreeing with these findings, the present study identified a se-
lective reduction of vimentin by novel bioengineered miR-124-3p
agent, associated with the redistribution of cytoskeleton in both
NSCLC and osteosarcoma cells, as well as an alteration of overall
cell morphology. Our study is also among the first to verify PLEC
as a new direct target for miR-124-3p and define the effects in
NSCLC cells, which was reported very recently by another group
in neuroblastoma cells63. PLEC, a cytolinker protein essential for
maintaining the assembly and function of IFs and the integrity of
the cytoskeleton64,65, is commonly upregulated in tumor tissues
and carcinoma cells66,67. Previous studies have showed that PLEC
deficiency or knockdown reduces the formation of actin pro-
trusions and compromises cell migration and invasion47,66, and
vimentin is recruited to the mitotic cortex in a PLEC-dependent
manner during cell division68. Indeed, PLEC directly interacts
with vimentin IFs in invasive carcinoma cells and the disruption of
the PLEC�vimentin IF interaction sharply suppresses invadopo-
dia formation and reduces transendothelial migration and metas-
tasis69. The current study revealed the disruption of PLEC and
F-actin networks as well as the microvilli or lamellipodia-like
structures in miR-124-3p-treated 143B cells, which supports the
roles of PLEC-vimentin interactions in cell invasiveness and of-
fers insights into the antimetastatic activity of bioengineered
miR-124-3p24.

Other skeletal regulatory proteins, such as IQGAP1, contain
distinct domains that directly bind to actin and promote cross-
linking of actin filaments45. TLN1, a member of the adaptor
protein family, plays a critical role in structurally linking integrins
to the actin cytoskeleton70. One study has demonstrated that
TLN-1 deficiency leads to the suppression of cell protrusions,
actin dynamics, and actin barbed end formation, which ultimately
impairs the ability of cells to invade71. Therefore, the suppression
of IQGAP1 and TLN1 by miR-124-3p revealed in the pre-
sent study may also contribute to the cytoskeleton remodeling
underlying cell invasion and metastasis24.

Adherens junctions initiate cell�cell interactions and mediate
the maturation and maintenance of their adhesions. Cadherins,
such as CDH2, are a major group of transmembrane proteins
involved in adherens junctions and also bind to many cytoplasmic
proteins, such as catenins72. Cadherin-mediated cell�cell adhe-
sion plays a key role in the morphogenetic processes during
development, as well as EMT processes in tumor metastasis4,73.
Our finding that CDH2 is downregulated by miR-124-3p, asso-
ciated with distinct morphology, is in agreement with the dimin-
ished cell�cell adhesion of miR-124-3p-treated cancer cells. This
was accompanied by the reduction of cell viability by miR-124-
3p, as demonstrated in the present and previous studies24.
Indeed, carcinoma cells integrate with each other to promote
collective survival and metastatic potential, and circulating tumor
cells clusters have greater metastatic ability than single cells74.
The suppression of CDH2 was also confirmed in metastatic lung
tissues following miR-124 therapy, demonstrating the on-target
actions of bioengineered miR-124-3p prodrug and its contribu-
tion to the antimetastatic activity of miR-124-3p. Furthermore, the
tight junctions that function as a fence in the prevention of mixing
membrane lipids between the apical and basolateral membranes
and regulate the transportation of molecules between cells, are
important components in tumor progression and metastasis43.
JAM1 (or JAMA or F11R), a multifunctional transmembrane
immunoglobulin preferentially concentrated at tight junctions and
supporting tight junction formations75,76, has been considered as a
potential target for the treatment of cancer metastasis77. Consis-
tent with a very recent finding JAM1 as a direct target for miR-
124-3p in the inhibition of stem-like properties of nasopharyn-
geal carcinoma cells78, the present study disclosed the suppression
of JAM1 protein levels in both NSCLC and osteosarcoma cells
following the restoration of miR-124-3p expression. These find-
ings suggest an important role for miR-124-3p in the regulation of
cadherin and JAM proteins governing cell junctions for cell�cell
adhesion and cancer metastasis.

Anchoring junctions attach cells to the ECM and over-
expression of anchoring junction proteins and signaling pathways
are commonly associated with greater degrees of cancer cell in-
vasion and metastatic potential4,44. ITGB1 is a member of the
transmembrane integrin proteins connecting actin cytoskeleton
with ECM79 and participates in focal adhesion dynamics essential
for cancer cell invasive behavior80. TLN1 directly binds to ITGB1,
links integrins to the actin cytoskeleton, and regulates integrin
activation81. Silencing TLN1 significantly reduces focal adhesion
signaling and tumor metastasis82. In the present study, both
ITGB1 and TLN1 were sharply suppressed by bioengineered miR-
124-3p in NSCLC and osteosarcoma cells, providing a molecular
explanation for the reduced vinculin-containing focal adhesion
complexes distributed along the altered actin filaments. As a
result, miR-124-3p-treated carcinoma cells exhibited a remarkably



Figure 8 MiR-124-3p effectively reduces lung metastasis in vivo. (A) Schematic illustration of miRNA therapy in an aggressive experimental

metastasis mouse model. (B) Live animal bioluminescent imaging of lung metastasis in mice subjected to miR-124-3p and control LSA treat-

ments. Images were taken on Days 8, 13, 18, 23, and 28 post-inoculation of 143B cells. (C) Bioluminescent imaging of ex vivo lung tissues at the

end of the study. (D) Representative H&E stains showed the reduction of the number and extent of metastatic tumors in lung tissues by miR-124-

3p treatment. Values are mean � SD. *P < 0.05 (unpaired Student’s t-test). (E) Representative IHC staining for CDH2, Ki-67, and cleaved

caspase-3. While the apoptosis marker cleaved caspase-3 was hardly detectable, CDH2 and Ki-67 levels were much lower in therapy group than

the control, indicating the on-target effects and reduction of proliferation for miR-124 therapy.

3962 Linglong Deng et al.
lower level of cell�ECM adhesion capacity, demonstrating the
actions of bioengineered miR-124-3p prodrug in the control of
proteins and signaling pathways underlying cell junctions, adhe-
sion, and invasiveness.

5. Conclusions

The present study has established the selective actions of bio-
engineered miR-124-3p in the modulation of global proteomic
profiles in human NSCLC cells. The downregulated proteins are
assembled into multiple cellular components critical for metastatic
potential. Among them, the cytolinker protein PLEC is regulated
by miR-124-3p through direct targeting. Furthermore, the effects
of miR-124-3p on cytoskeleton remodeling, adherens junctions,
focal adhesion, and cell�cell and cell�surface adhesion capacity
have been demonstrated in both NSCLC and osteosarcoma cells.
Additionally, the efficacy and safety of miR-124-3p therapy in the
management of lung metastasis was established in an experi-
mental metastasis mouse model. These results suggest a central
role for miR-124-3p in the control of carcinoma cell invasion and
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metastasis through the regulation of a collection of cytoskeleton,
junction and adhesion proteins, supporting the development of
miR-124 therapy for the treatment of cancer and metastasis.
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