PFHBAERFAT TS EEFL
I

BRI PILAI Motz Bt RS

[V
S 5.+ MOST 106-2221-E-041-005-

BTN
[\
T e
2
-5
Dy

FHoF & ORF 106087 01p 2 107&077 31p

# 7 HE D REERMHEZEA L EFR A ES (AL
FEAEA D OREE

ERAFA AP

FERFEAR D Blrsimy A JliEem il 2 YT

F 2o B MARRRIE R FEL

P X R 107 & 08 ' 27 P



A

B M

S I L LRl B NN N i’fa‘ﬁ Yo eRNA o fmRe B G VAR

WAL S E LRI E2ZERE R @A o FI AT S IFE R KRwre
WA A FIR A i 2 e oh e N 2 BRNA R RS > 1
- R GAFBE S R a3 LT AP
R - & éh:}}%frr ﬁﬁ“’%ﬁ(lipofetamine 2000% jet
polyethylenimine) % i#i% % ¥ & v 48+ Hela Himve » 5B~
b sz fmie b e IR R A kAT HRNAE S o o PPEER &
frdh s A i AP FRC BEREAFARN S BPHAT G
i% 2_ #%RNAs(hsa-miR-143-3pfrhsa-miR-193b-3p) » # F & FgR|H
vt AFZ AP 2 A FREA 1T > e o= 2 R4 L3R T2 4p
B v AT - H AP EE o oo B RNAs(hsa-miR-143-3pfr
hsa-miR-193b-3p)2 + 33 & & 7 Ax % 207 b 2Ly 4 (L {4 A 7] 18
W2 lmie AT 2 AT oS p ko

fmrz ¢t £ ;2 ; lipofetamine 2000; jet polyethylenimine; =t & &
TR A TFEE; HRNA

Intercellular communication is known to be involved in
various stages of tumor development and metastasis through
the secretion of extracellular vesicles (EVs) containing
messengers such as microRNAs (miRNAs). Therefore, this
study explored miRNA profiles in cancer cell-derived EVs
after non-viral gene delivery in order to better understand
the molecular information of intercellular communication in
cancer cells after gene delivery. Two commonly used non-
viral vectors (Lipofectamine 2000 and jet polyethylenimine)
were used for the delivery of gene fluorescent protein
plasmid in HeLa cancer cells. EVs were extracted and the
contents of their RNA were subjected to the next-generation
sequencing. In order to illustrate the common
characteristics of non-viral vectors in the cancer cells,
two overlapped up-regulated miRNAs (hsa-miR-143-3p and hsa-
miR-193b-3p) were confirmed by real-time quantitative
reverse transcriptase-polymerase chain reaction in the
secreted EVs in response to both lipoplexes and polyplexes.
The prediction of target genes and molecular pathways
involved in these two miRNAs were determined and the
protein expressions related to the pathways of cell death
and stress in Hela cells were identified. Hsa-miR-143-3p
and hsa-miR-193b-3p were found to be up-regulated by the
use of different non-viral vectors and can thus serve as
potential targets of non-viral cancer gene therapy.

Extracellular vesicles ; Lipofectamine 2000; jet
polyethylenimine ; next-generation sequencing; gene
delivery; microRNAs
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ABSTRACT

Intercellular communication is known to be involved in various stages of tumour development and metas-
tasis through the secretion of extracellular vesicles (EVs) containing messengers such as microRNAs
(miRNAs). Therefore, this study explored miRNA profiles in cancer cell-derived EVs after non-viral gene
delivery in order to better understand the molecular information of intercellular communication in cancer
cells after gene delivery. Two commonly used non-viral vectors (Lipofectamine 2000 and jet polyethyleni-
mine) were used for the delivery of gene fluorescent protein plasmid in Hela cancer cells. EVs were
extracted and the contents of their RNA were subjected to the next-generation sequencing. In order to
illustrate the common characteristics of non-viral vectors in the cancer cells, two overlapped up-regulated
miRNAs (hsa-miR-143-3p and hsa-miR-193b-3p) were confirmed by real-time quantitative reverse tran-
scriptase-polymerase chain reaction in the secreted EVs in response to both lipoplexes and polyplexes.
The prediction of target genes and molecular pathways involved in these two miRNAs were determined,
and the protein expressions related to the pathways of cell death and stress in Hela cells were identified.
Hsa-miR-143-3p and hsa-miR-193b-3p were found to be up-regulated by the use of different non-viral vec-
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tors and can thus serve as potential targets of non-viral cancer gene therapy.

Introduction

Extracellular vesicles (EVs) are membrane-bound structures that
are secreted from most biological cells and are basically com-
posed of lipids, transmembrane proteins and cargo biomolecules
[1]. EVs are associated with various cell functions generally includ-
ing cell waste management, the regulation of immune functions,
angiogenesis, tissue regeneration, cancer metastasis and cell-to-
cell communication via the transportation of proteins and nucleic
acids such as mRNA, short non-coding microRNA (miRNA) and
non-coding long RNA [2-4]. Based on their sizes and intracellular
origins, EVs can be approximately divided into three types: exo-
somes (50-200 nm), microvesicles (200-1000nm) and apoptotic
bodies (500-1000nm) [5]. Among these different types of EVs,
exosomes have drawn intensive interest for use in both thera-
peutic and diagnostic clinic applications due to their capacity to
be used as targeted nanomedicine vehicles without the limitations
of most synthetic nanoparticles, such as shorter circulating half-
lives, poor biocompatibility and a lack of targeting ability [6,7].
Also, growing evidence has revealed that the miRNAs contained
in tumour cell-derived exosomes possess unique characteristics in
terms of the genetic regulation of cancer progression and metas-
tasis [8,9].

Despite lower transfection efficiency in gene delivery as com-
pared with viral vectors, non-viral vectors own important advan-
tages such as lower immunogenicity, a lower risk of mutagenesis,

a higher cargo loading capacity and easy scalability [10-12].
Today, a variety of non-viral vectors have been developed for use
in gene delivery and are mainly classified as cationic lipid-based
vesicles, polymer-based carriers and inorganic nanoparticles
[13-15]. However, the molecular mechanisms of cells underlying
the cellular responses to such vector-mediated gene delivery have
still not been fully investigated, even as enhanced understanding
of these cellular responses is important for achieving efficient and
safe gene delivery. So far, various studies primarily based on the
toxicogenomics have been conducted in order to mechanistically
elucidate the responses in cells after vector-mediated gene deliv-
ery [16-19]. Differences in molecular responses within cells after
nucleic acid delivery through the use of different vectors have
been demonstrated [17,20]. Nonetheless, the molecular informa-
tion of the distant intercellular communication that occurs in
response to vector-mediated gene delivery has yet to be
fully explored.

Therefore, the aim of this study was to better understand the
mutually occurring molecular information of intercellular commu-
nication in cancer cells after non-viral gene delivery by exploring
the miRNA expression profiles within the EVs secreted from cancer
cells. We selected Hela cervical cancer cells as the model tumour
cells and cationic liposomes (Lipofectamine 2000 (Lipo)) and linear
jet polyethylenimine (PEI), which are two commercial non-viral
vectors commonly used for in vitro and in vivo gene delivery, for
the delivery of model gene GFP (green fluorescent protein)
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plasmid, which allows for the easy examination of protein expres-
sion. EVs were extracted and their RNA contents were subjected
to the next-generation sequencing. We focussed on the identifica-
tion of overlapping differentially expressed miRNAs in the EVs
because they are closely related to the regulation of gene expres-
sion by non-viral vectors in cancer cells. The target genes and
involved molecular pathways of differentially expressed miRNAs
were also analysed. The study results provide comprehensive
information regarding the intercellular communication of cancer
cells in response to non-viral-mediated gene delivery and should
be of use in improving the non-viral gene delivery systems used
for cancer therapy.

Materials and methods
Materials

Lipo was obtained from Invitrogen Corp. (Carlsbad, CA) and PEI
was acquired from Polyplus-transfection Inc. (New York, NY). GFP
antibody was purchased from BioVision Inc. (Milpitas, CA). Rabbit
anti-caspase-3, anti-cleaved caspase-3, anti-PI3K, anti-phospho-
PI3K, anti-Akt, anti-phospho-Akt, anti-mTOR and anti-phospho-
mTOR antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA). Rabbit anti-p62, anti-Beclin 1, anti-lgf1, anti-
LC3, anti-TGF-£1, anti-phospho-Smad3 and mouse anti-fS-actin
antibodies were obtained from Novus Biologicals, LLC (Littleton,
CO). Mouse anti-IRS-1 and anti-insulin receptor f antibodies were
acquired from BD Biosciences (San Jose, CA). Rabbit anti-Smad2,
anti-phospho-Smad2 and anti-Smad3 antibodies were purchased
from Thermo Fisher Scientific Inc. (Rockford, IL).

Cell culture

HeLa human cervical cells (ATCC CCL-2) were maintained in
DMEM medium (Invitrogen) supplemented with 10% (v/v) heat-
inactivated foetal bovine serum (FBS; Invitrogen) and 1% (v/v)
antibiotics (100U/mL penicillin and 100 ug/mL streptomycin
(Invitrogen)) in a humidified atmosphere of 5% CO, at 37°C.

Transfection procedures

Lipoplexes were prepared by vortex mixing at a fixed concentra-
tion of 1 pg/mL plasmid DNA encoding enhanced GFP (pEGFP-C1)
with various concentrations of Lipo (2.5, 5, 10 and 20 ug/mL) in a
total 200 pL serum-reduced medium (Opti-MEM (Invitrogen)) and
allowed to stand for 25min at room temperature before being
used for transfection. Similarly, polyplexes were prepared from PEI
stock solution at various concentrations of 2.5, 5, 10 and 20 uL/
mL. Hela cells were plated at 40,000 per well in 8-well Lab-Tek
chamber slides (Nalge Nunc, Naperville, IL) and incubated over-
night (60-70% confluence). After PBS washing, the lipoplexes and
polyplexes were added to the cells for 6 h, and then the medium
was discarded and replaced by a growth medium. After 18h of
incubation, the cells were fixed in 4% paraformaldehyde-PBS solu-
tion, the nuclei were stained with DAPI, and the cells were exam-
ined under a fluorescence microscope (Axio Imager 2; Zeiss, Jena,
Germany) equipped with a standard GFP/DAPI filter set. The quan-
tification of transfection was analysed as the GFP% fraction of the
images of 300 total counted cells. GFP expressions in Hela cells
were also analysed by Western blotting.

Cell viability assay

The cytotoxicity of the lipoplexes and polyplexes was examined
using a Cell Counting Kit-8 (Dojindo Laboratories, Tokyo, Japan),
which measured the activity of cell dehydrogenases, as previously
reported [20]. Briefly, HeLa cells were seeded in 48-well plates at a
density of 40,000 cells/well and allowed to adhere overnight
(60-70% confluence). After following the same transfection proto-
cols as described above, 10 uL of cell-counting kit solution were
added and incubated for 4h. The absorbance at 450nm was
obtained with 595 nm background corrections. The results are pre-
sented as the cell viability percentage (average optical density
(OD)/average untreated control OD) + standard deviation (SD).

EV isolation

The isolation of EVs from untreated Hela cells and from Hela cells
treated with the optimal condition of lipoplexes or polyplexes was
conducted. Cells (2 x 10°/well) were seeded in 6-well plates and
allowed to reach 60-70% confluence. The cells were then sub-
jected to the 24-h transfection protocols mentioned above, except
that the FBS in the growth medium was replaced by exosome-
depleted FBS (Invitrogen). After transfection, 5ml of medium was
collected from the cells and centrifuged at 1500 rpm for 5min to
remove dead cells and cell debris. The resulting medium was fur-
ther filtered with a Millipore 0.22 um filter to remove particles
greater than 220nm in size. After adding 1ml of ExoQuick-TC
reagent (System Biosciences Inc.,, Mountain View, CA), the result-
ing solution was inversion mixed 4 times and incubated overnight
at 4°C. After centrifugation at 1500x g for 30 min, EVs were pel-
leted by removing supernatant and stored at —80°C for fur-
ther use.

Characterization of EVs by in situ wet-cell transmission electron
microscopy, nanopatrticle tracking analysis, and Western
blot analysis

The morphology of the PBS-dispersed EVs was observed by JEOL
2010 LaBg transmission electron microscopy (TEM) (JEOL Ltd.,
Tokyo, Japan) with an in-situ liquid cell, which can image
biological samples in liquid surroundings, at a 200KV electron
acceleration voltage. The particle size and distribution of the PBS-
diluted EVs were investigated using a 405-nm laser nanoparticle
tracking analysis (NTA) (NanoSight LM10HS, Malvern Instruments
Ltd., Worcestershire, UK), and the data were processed using NTA
3.1 software. Western blot analysis was applied to assess the typ-
ical biomarker proteins in the EVs (which consisted primarily of
exosomes), as previously reported [1]. The total protein concentra-
tions of the EVs were determined using the BCA Protein Assay kit
(Pierce Biotechnology, Rockford, IL). Primary rabbit anti-CD63 and
anti-CD81 antibodies were obtained from System Biosciences, and
primary mouse anti-TSG101 antibody was purchased from Novus
Biologicals, LLC (Littleton, CO).

RNA isolation

Total RNA was extracted from purified EVs pooled from three
independent samples using an exoRNeasy serum/plasma maxi Kit
(Qiagen, Valencia, CA), according to the manufacturer’s instruc-
tions. The extracted RNA was then concentrated and the concen-
tration and purity of the total RNA was determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).



Small RNA library construction and sequencing

Small RNA libraries were prepared using the Bioo NEXTflex™
Small RNA-Seq Kit v3 following the protocol provided by the
manufacturer (Bioo Scientific, Austin, TX). Briefly, 2 ug of total RNA
was used as starting material. After ligation of the RNA 3'- and
the RNA 5’ adapter, total RNA samples were reverse transcribed to
cDNA libraries and unique indexes were introduced during 18
cycles or fewer of PCR amplification. The products of the PCR
amplification were size-selected and purified with Mag-Bind
RxnPure Plus magnetic beads (Omega Bio-tek, Norcross, GA). The
final cDNA libraries were qualified and quantified using the
Agilent 2200 Tapestation instrument (Agilent Technologies, Santa
Clara, CA). The successful library preparation was assured by the
presence of a strong ~150bp band. Afterwards, equimolar
amounts of small RNA-derived libraries were pooled together and
sequenced on a HiSeq 2500 next-generation sequencing platform
(Ilumina, San Diego, CA).

Analysis of miRNA expression and differentially
expressed miRNAs

After sequencing, raw reads were filtered and trimmed using
Trimmomatic software to remove low quality bases and reads
shorter than 16bp [21]. The alignment of reads was conducted
using the miRDeep2 and Bowtie software packages to map pre-
processed read data to the RNA sequence, which was sourced
from miRBase v21; the RefSeq from the NCBI Homo sapiens
Annotation Release 107; and the piRBase v1.0 databases [22,23].
The differentially expressed miRNA among different samples was
determined by DESeq2 package based on a model using the
negative binomial distribution [24]. Comparison of untreated Hela
cells with cells treated with lipoplexes or polyplexes were per-
formed. The standard selection criteria used to identify differen-
tially expressed miRNA were as follows: |log, Fold change| >
0.585 and p values <.05.

Verifying miRNA expression using real-time quantitative reverse
transcriptase-polymerase chain reaction (RT-QPCR)

The differentially overlapped expressed miRNAs from the sequenc-
ing results were further verified from three independent samples
using RT-QPCR as conducted in our previous experimental proto-
cols [19]. The following primer sequences were investigated: hsa-
miR-143-3p, forward GCCTGAGATGAAGCACTGT, reverse GTTG CC
TCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACGAGCT;  hsa-
miR-193b-3p, forward GTTAACTGGCCCTCAAAGTC, reverse GTTGG
CTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACAGCGG; hsa-
miR-451a, forward CGCAAACCGTTACCATTACT, reverse GTTGG CT
CTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACAACTG; hsa-
miR-3960, forward GGCGGCGGCGGAG, reverse GTTGGCTCTGGTGC
AGGGTCCGAGGTATTCGCACCAGAGCCAACCCCCCGC. The  data
were normalised to the internal control 18S.

Prediction of the potential target genes of regulated miRNAs
and involved molecular pathway analysis

The potential target genes of the differentially expressed miRNAs
were identified and the pathway analysis of the target genes
involved was performed using DIANA-TarBase v8, which is a data-
base of experimentally supported miRNA-gene interactions and
molecular pathway analysis based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database [25].
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Analysis of related protein expressions in HelLa cells treated
with lipoplexes or polyplexes

In addition to EV isolation, related protein expressions in the
untreated Hela cells and the Hela cells treated with lipoplexes or
polyplexes were examined by Western blot as previously
reported [18].

Statistical analysis

The results are shown as mean +standard deviation (n=3). The
differences between the samples from the untreated control Hela
cells and the samples from the treated Hela cells were analysed
using Student’s t-test. p<.05 was considered statistically
significant.

Results
Optimization of transfection

The transfection of Hela cells was optimised by varying the doses
of Lipo or PEI at fixed 1pg/mL DNA concentration according to
low cytotoxicity and high GFP transfection, and the optimal condi-
tions were found to be at 5pg/mL of Lipo or 10 uL/mL of PEI at
1png/mL of DNA (Figure 1). Under optimal conditions, the relative
cell viability of the lipoplexes was lower than that of the poly-
plexes after 24h of incubation (Figure 1(A)) and both the lipo-
plexes and polyplexes induced some degree of cell death, as
indicated in Figure 1(B). Representative images of optimal GFP
transgene expression of lipoplexes or polyplexes in Hela cells
after 24 h of incubation are illustrated in Figure 1(C). The cellular
GFP uptake and GFP transgene expression of the optimal lipo-
plexes were higher than those of the optimal polyplexes (Figure
1(D,E)). In the following sections, the optimal lipoplexes and poly-
plexes were used, respectively, in the analysis of the EVs secreted
from the Hela cells.

Characterization of isolated EVs

The morphology of EVs was investigated using in situ wet-cell
TEM (Figure 2(A)). The EVs isolated from the untreated Hela cells
and the Hela cells treated with lipoplexes or polyplexes, appeared
to be typical membrane-like nano-sized vesicles in liquid sur-
roundings. The particle sizes and distributions of the EVs isolated
from the three sources were further determined using NTA (Figure
2(B-D)). The EVs isolated from the three sources exhibited similar
average particle sizes within the classic size for exosomes
(50-200 nm). Distribution patterns with mostly uniform popula-
tions were observed for the EVs isolated from the untreated cells
and the EVs isolated from the lipoplex-treated cells, while more
numerous particle populations were observed for the EVs isolated
from the polyplex-treated cells. Finally, the expression of hallmark
proteins of exosomes (TSG101, CD63, and CD81) in the isolated
EVs confirmed the presence of exosomes (Figure 2(E)).

Analysis of small RNA contents of EVs by
next-generation sequencing

The small RNA contents of the EVs isolated from the untreated
Hela cells and from the Hela cells treated with lipoplexes or with
polyplexes were quantified by mapped sequence read counts, and
the distributions of those contents as determined by the RNA
length of the mapped sequence read counts are illustrated
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Figure 1. The optimal properties of transfection of Hela cells by lipoplexes or polyplexes after 24 h of incubation. (A) Cell viability of untreated Hela cells and Hela
cells treated with lipoplexes or polyplexes. Data shown as percentage of untreated control ((average OD/average untreated control OD)+SD (n = 3)). The data are all
p <.05 vs. untreated controls. (B) Representative optical images of cell morphology in untreated Hela cells and Hela cells treated with lipoplexes or polyplexes
(images with x400 magnification). The arrow heads indicate cell death after treatment of lipoplexes or polyplexes. (C) Representative fluorescence images of transfec-
tion (images with x400 magnification). (D) Quantification GFP gene expression. The data are expressed as the % fraction of cellular GFP uptake from a total of 300
cells (n=3). (E) Western blot analysis of GFP expression, in one representative experiment among three similar experiments. -actin was the loading control. The ratios

of band density were calculated with Alphalmager 2200 software.

in Figure 3. As expected, the isolated EVs contained diverse car-
goes of small RNA, including miRNAs, non-coding RNA (ncRNA),
messenger RNA (mRNA), ribosomal RNA and miscellaneous RNA
(misc RNA). Also, miRNAs represented the majority of the small
RNA contents and were investigated in the following study.

Analysis of miRNA expression and differentially
expressed miRNAs

As compared with untreated cells, 12 up-regulated and 4 down-
regulated differentially expressed miRNAs in the lipoplex-treated
cells were identified (Table 1). Also, 2 up-regulated and 7 down-
regulated differentially expressed miRNAs were identified in the
polyplex-treated cells in comparison with the untreated cells
(Table 2). Two overlapping up-regulated miRNAs (hsa-miR-143-3p
and hsa-miR-193b-3p) and two overlapping down-regulated
miRNAs (hsa-miR-451a and hsa-miR-3960) were detected in both
the cells treated with lipoplexes and the cells treated with poly-
plexes. The numbers of up-regulated and down-regulated differ-
entially expressed miRNAs were higher for the cells treated with
lipoplexes than for the cells treated with polyplexes.

Verifying miRNA expression using RT-QPCR

Because the differentially overlapped expressed miRNAs (up-regu-
lated: hsa-miR-143-3p and hsa-miR-193b-3p; down-regulated: hsa-
miR-451a and hsa-miR-3960) in the EVs represented the mutual
non-viral vector effects of lipid- or PEI- mediated gene delivery,
these miRNAs were focussed on in this study and were verified
using RT-QPCR (Figure 4). For the cells treated with lipoplexes as
well as the cells treated with polyplexes, only the results indicat-
ing up-regulated hsa-miR-143-3p and hsa-miR-193b-3p were quan-
titatively consistent with the sequencing results, whereas hsa-miR-
451a and hsa-miR-3960, which were down-regulated according to
sequencing data, were quantitatively up-regulated, meaning the
results were inconsistent with the sequencing results. Therefore,
the verified up-regulated hsa-miR-143-3p and hsa-miR-193b-3p
were subjected to further analysis.

Prediction of the target genes and involved molecular pathways
of differentially expressed miRNAs

The predicted target genes and KEGG pathway analysis results for
the up-regulated hsa-miR-143-3p and hsa-miR-193b-3p in the EVs
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Table 1. The differentially expressed miRNAs with statistically significant
changes (p values < .05) in EV content from Hela cells in response to lipoplexes.

Precursor ID miRNA log, Fold change p Value

Up-regulated
hsa-let-7b hsa-let-7b-3p 1.269 .007
hsa-mir-100 hsa-miR-100-3p 1.429 .008
hsa-mir-143* hsa-miR-143-3p® 1.219 .009
hsa-mir-193b® hsa-miR-193b-3p® 1.204 011
hsa-mir-196a-1 hsa-miR-196a-5p 1.200 .020
hsa-mir-23a hsa-miR-23a-5p 1.128 .028
hsa-mir-23b hsa-miR-23b-5p 1.048 .037
hsa-mir-26a-2 hsa-miR-26a-2-3p 0.919 .040
hsa-mir-33b hsa-miR-33b-3p 1.106 041
hsa-mir-432 hsa-miR-432-5p 1.007 .043
hsa-mir-6126 hsa-miR-6126 1.071 .048
hsa-mir-92a-1 hsa-miR-92a-1-5p 0.855 .048

Down-regulated
hsa-mir-1275 hsa-miR-1275 —1.265 017
hsa-mir-451a° hsa-miR-451a° —1.235 .022
hsa-mir-4461 hsa-miR-4461 —1.041 .045
hsa-mir-3960° hsa-miR-3960° —1.075 .046

®Overlapped miRNAs between lipoplexes and polyplexes.

Table 2. The differentially expressed miRNAs with statistically significant

changes (p values<.05) in EV content from Hela cells response
to polyplexes.
Precursor ID miRNA log, Fold change p Value
Up-regulated
hsa-mir-193b* hsa-miR-193b-3p® 1.324 .008
hsa-mir-143° hsa-miR-143-3p° 1.144 015
Down-regulated
hsa-mir-423 hsa-miR-423-5p —1.298 .007
hsa-mir-3960° hsa-miR-3960° —1.411 .009
hsa-mir-451a° hsa-miR-451a° —1.257 .020
hsa-mir-122 hsa-miR-122-5p —1.018 022
hsa-mir-193b hsa-miR-193b-5p —1.214 .025
hsa-mir-92b hsa-miR-92b-5p 1171 .030
hsa-mir-4488 hsa-miR-4488 -1.127 .036

®Overlapped miRNAs between lipoplexes and polyplexes.

isolated from Hela cells in response to either lipoplexes or poly-
plexes are summarised in Table 3 (detailed analysis is included in
Supplementary Table 1). The pathways involved were very diverse
and various pathways related to cell death and stress, such as the
cell cycle, p53 signalling pathway and mTOR signalling pathway,
were also identified. The non-viral vectors such as Lipo and PEI
are well-known for their considerable cytotoxicity and have also
been found to be involved in various pathways related to cell
death such as the p53 signalling pathway and mTOR signalling
pathway [19]. Therefore, we focussed on these pathways related
to cell death and stress for further investigation.

Analysis of related protein expressions of cell death and stress
in HelLa cells treated with lipoplexes or polyplexes

Since pathways related to cell death and stress were identified in
the EVs in response to lipoplexes or polyplexes, the related pro-
tein expressions in the cells were simultaneously examined (Figure
5). The protein levels of cleaved caspase-3, which is related to
apoptosis, were detected in Hela cells treated with lipoplexes or
polyplexes (Figure 5(A)). The protein expression levels of cleaved
caspase-3 in cells treated with lipoplexes were greater than those
in cells treated with polyplexes. This indicated that apoptosis was
more up-regulated in cells treated with lipoplexes than in those
treated with polyplexes. For cells treated with lipoplexes or poly-
plexes, autophagy was also induced from the observation of the
increases of LC3-Il/LC3-l ratios and the decreases of p62 and
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Figure 4. Confirmation of sequencing results of the differentially overlapped
expressed miRNAs by RT-QPCR in isolated EVs from (A) lipoplex-treated and (B)
polyplex-treated Hela cells. The data from microarray are represented with mean
values and the data from RT-QPCR are shown as meansz+standard devi-
ation (n=3).

beclin-1 (Figure 5(B)). Both the treatment with lipoplexes and
treatment with polyplexes resulted in the down-regulation of
PI3K, AKT, and mTOR phosphorylation as compared with the levels
of such phosphorylation in the untreated cells (Figure 5(C)). This
implied that the inhibition of the mTOR signalling pathway
resulted in the induction of autophagic cell death after treatment
with lipoplexes or treatment with polyplexes. In the upstream of
the mTOR signalling pathway, key proteins (Igf1, insulin receptor
f, and IRS-1) were also down-regulated in the cells treated with
lipoplexes or polyplexes (Figure 5(D)). Finally, key proteins (TGF-
1, Smad2 and Smad3) in the TGF-beta signalling pathway, which
is closely related to autophagy and plays an important role in
tumour micro-environments, were up-regulated after treatment
with lipoplexes or treatment with polyplexes (Figure 5(E)) [26].
However, greater up-regulation of the above proteins in cells
treated with lipoplexes was shown as compared with their up-
regulation in cells treated with polyplexes.

Discussion

EVs have been found to be involved in intercellular communica-
tion between cancer cells and the surrounding microenvironments
through their shuttling of cargoes such as miRNAs during various
stages of tumour development and metastasis [27]. Recently, the
applications of non-viral anti-cancer gene delivery systems for can-
cer therapy have been successfully investigated both in vitro and
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Table 3. The prediction of target genes and KEGG pathway analysis for the differentially overlapping expressed miRNAs.

miRNAs KEGG pathway p Value No. of target genes No. of miRNAs involved
Up-regulated
hsa-miR-143-3p Prion diseases 3.70E-17 5 2
hsa-miR-193b-3p  Fatty acid biosynthesis 5.49E-14 1 2
Cell cycle 8.21E-08 39 2
Fatty acid metabolism 1.29E-07 6 2
Lysine degradation 1.00E-06 15 2
Proteoglycans in cancer 7.28E-06 36 2
Protein processing in endoplasmic reticulum 1.90E-05 40 2
Glioma 8.81E-05 19 2
Spliceosome .000110598 32 2
Selenocompound metabolism .000164303 9 2
DNA replication .000221063 15 2
Bladder cancer .000310883 15 2
Hippo signalling pathway 000375311 28 2
Hepatitis B 000732559 33 2
Adherens junction 00144921 17 2
Base excision repair .001740291 10 2
Non-small cell lung cancer 001740291 16 2
Melanoma .00252441 20 2
Viral carcinogenesis .002899506 41 2
Oocyte meiosis 005644064 26 2
Small cell lung cancer 005644064 22 2
Estrogen signalling pathway 006828861 23 2
Biosynthesis of unsaturated fatty acids .008240064 3 2
p53 signalling pathway 008240064 19 2
Chronic myeloid leukaemia 010474011 18 2
Endocytosis 012703556 38 2
mTOR signalling pathway 013908739 17 2
Focal adhesion 013908739 42 2
Central carbon metabolism in cancer 013908739 17 2
Pathways in cancer 016538475 65 2
Fc gamma R-mediated phagocytosis 020119298 21 2
Thyroid cancer 021039712 9 2
Regulation of actin cytoskeleton 023668553 37 2
RNA transport 024817205 32 2
Pancreatic cancer 025021395 17 2
One carbon pool by folate 03714743 7 1
Prostate cancer .03750987 21 2
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Figure 5. Western blot analysis of key proteins of (A) apoptosis (pro-caspase-3, and cleaved caspase-3), (B) autophagy (p62, LC3-l, LC3-ll, and Beclin-1), (C) mTOR

signalling pathway (phosphorylated PI3K (p-PI3K), PI3K, phosphorylated Akt (p-AKT),

AKT, phosphorylated mTOR (p-mTOR) and mTOR), (D) upstream of mTOR signalling

pathway (lgf1, insulin receptor B, and IRS-1), and (E) TGF-beta signalling pathway (TGF-B1, phosphorylated Smad2 (p-Smad2), Smad2, phosphorylated Smad3
(p-Smad3), and Smad3). The data shown are from one representative experiment among three similar experiments. B-actin was used as the loading internal control.

The ratios of band density were calculated with Alphalmager 2200 software.

in vivo [28]. Also, the intrinsic anti-tumour property of non-viral
vectors has been demonstrated to influence the regulation of
gene expressions in cancer cells [17,29]. Still, the molecular infor-
mation involved in intercellular communications after the non-viral
delivery of genetic material into cancer cells has yet to be com-
pletely explored. Therefore, the aim of this study was to focus on
the intercellular molecular information in cancer cells after non-
viral gene delivery by exploring the miRNA profiles within cancer
cell-derived EVs. In a previous study, the common effects on the
regulation of miRNA expressions in cells treated with Lipo as well

as cells treated with PEl were demonstrated [19]. Furthermore,
vector-related differences in miRNA delivery have been shown to
occur in different cellular responses, including those involving
molecular mechanisms related to cell death and survival [20]. The
differences in the vector-related effects of Lipo and PEIl are also
reflected in the differences in cytotoxicity and transfection effi-
ciency (Figure 1), and these differences resulted, in turn, in the dif-
ferentially expressed miRNAs in the secreted EVs (Tables 1 and 2).
In this study, we focussed on the identification of differentially
overlapped expressed miRNAs in EVs in order to illustrate the
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common characteristics of non-viral vectors in cancer cells. The
differences between Lipo and PEl in terms of differentially
expressed miRNAs will be further investigated.

In our study, polymer (polyethylene glycol (PEG)) precipitation
was used for the isolation of EVs from Hela cells. By applying pre-
isolation 0.22um filtration, mostly exosomes (50-200nnm) were
confirmed in our samples according to the characteristics of exo-
somes presented in Figure 2. However, the presence of other
types of EVs in the isolated EVs cannot be completely excluded.

Based on both the sequencing and RT-QPCR studies, over-
lapped up-regulated hsa-miR-143-3p and hsa-miR-193b-3p were
identified in the EVs secreted in response to both lipoplexes and
polyplexes (Figure 4). In previous reports, hsa-miR-143-3p has
been observed in the secreted EVs of prostate and lung cancers
and served as tumour suppressor targeted TGF-beta signalling
pathway in colorectal cancer [30-32]. In our study, various pieces
of evidence regarding the activations of key protein expressions
of the TGF-beta signalling pathway in EVs (Figure 5), were consist-
ent with these observations. Also, hsa-miR-193b-3p has been
found to be up-regulated in chemotherapy resistant oesophageal
cancer cell lines and has been found to act as a tumour suppres-
sor in T-cell acute lymphoblast leukaemia [33,34]. However, the
function of hsa-miR-193b-3p in cancer-secreted EVs has not been
reported. The direct links of key proteins of apoptosis and autoph-
agy in Figure 5 to hsa-miR-143-3p and hsa-miR-193b-3p in EVs
need to be verified in the future. Also, the putative target cells of
cancer-secreted EVs after gene delivery need to be further identi-
fied. In our study, the selection criteria used to identify differen-
tially expressed miRNA were set as |log, Fold change| > 0.585
and p values <.05. The selection criteria used were based on the
data handling capacity and statistical significance. Using different
selection criteria could lead to different panels of miRNAs for the
analysis. Also, a variety of powerful biological network analytical
tools, such as protein—protein interaction (PPI) network analysis,
Cytoscape, and the Database for Annotation, Visualization and
Integrated Discovery (DAVID), will be helpful for the studying
complex cellular processes and functions of the predicted genes
in our study in order to overcome the current study’s limitation in
terms of lacking functional and big data on the miRNA profiles. In
this study, we mainly focussed on hsa-miR-143-3p and hsa-miR-
193b-3p, which represent the regulation of gene expression by
common non-viral vectors in cancer cells. The other differentially
expressed miRNAs, which relate to individual characteristics of
non-viral vectors, will be a focus of our future investigations.

Finally, the overexpression of GFP resulting in oxidative stress
in cells has been reported, especially in HelLa cells, where GFP
overexpression has been reported to result in the up-regulation of
various genes associated with inflammation [35]. Since the induc-
tion of oxidative stress can activate redox signalling pathways that
result in cell death, the relationships among oxidative stress, GFP
overexpression and delivery systems in our study need to be fur-
ther investigated.

Conclusion

Our exploration of the miRNA profiles in cancer cell-derived EVs
provides insightful information regarding intercellular communica-
tion after non-viral gene delivery. In particular, the overlapping
up-regulation of two miRNAs (hsa-miR-143-3p and hsa-miR-193b-
3p) was found to be a shared outcome of using different non-viral
vectors, and these miRNAs could potentially serve as targets of
non-viral cancer gene therapy.
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Exploring the microRNA profiles in HeLa cell-derived extracellular vesicles in responses
to cationic lipid- or polyethylenimine-mediated gene delivery

Presenting Author: Jung-Hua Kuo, Chia Nan University of Pharmacy and Science, Taiwan
Co-Authors: Chia-Wei Lin, Chung Shan Medical University, Taiwan

Introduction: After the non-viral delivery of genetic material into cancer cells, the molecular
mechanisms of intercellular communication are still not precisely understood. Among the various
biological functions of cell-derived extracellular vesicles (EVs), the most well-known is that of
intercellular communication, which they accomplish by shuttling molecular messengers such as
microRNA (miRNA) to target cells. Therefore, the aim of this study is to probe the miRNA profiles in
cancer cell-derived EVs in responses to cationic non-viral gene delivery systems for better
understanding the molecular mechanisms of intercellular communication in cancer cells after non-viral
gene delivery.

Methods: Lipofectamine 2000 and linear jet polyethylenimine are used for the delivery of gene
fluorescent protein plasmid in HeLa cervical cancer cells. EVs are extracted and the contents of RNA
are subject to next generation sequencing on a HiSeq 2500 platform (Illumina, USA). The differentially
expressed miRNAs were identified and confirmed by real-time quantitative reverse transcriptase-
polymerase chain reaction.

Results: Lipoplexes resulted in more up- and down-regulated expressed miRNAs than those of
polyplexes. Two overlapped up-regulated miRNAs (hsa-miR-143-3p and hsa-miR-193b-3p) were
quantitatively consistent with the results from sequencing data.

Conclusion: Our findings might provide further molecular information of intercellular communication in
cancer cells mediated by non-viral gene delivery systems.

Acknowledgments: This study was supported by grant MOST 106-2221-E-041-005 from the Ministry of
Science and Technology, Taiwan.

References: Pitt, J.M.; Kroemer, G.; Zitvogel, L. J Clin Invest. 2016, 126, 1139-1143;
Pahle, J.; Walther, W. Expert Opin Biol Ther. 2016, 16, 443-461.
Learning Objectives

Evaluate the miRNA profiles in HeLa cell-derived extracellular vesicles in responses to non-viral gene
delivery.

Analyze the differentially expressed miRNAs by next generation sequencing.

Identify the molecular mechanisms of intercellular communication in cancer cells after non-viral gene
delivery.
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Please note that all presenters are expected to cover their own travel and lodging and pay the registration
fees.
ALL presenters are required to register for the meeting.
If you have any questions, please feel free to contact the CRS Meetings Department at
jsalabritas@controlledreleasesociety.org.
We look forward to meeting you at what promises to be an exciting and informative program. For more
information regarding the meeting and the Controlled Release Society, please go to our website at
2018.controlledreleasesociety.org.
See you in New York City!
Kind Regards,
The 2018 Annual Meeting Programming Committee
Hamid Ghandehari, Chair
Annual Meeting Programming Chair
Twan Lammers
Annual Meeting Programming Committee Member
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