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Tumor-derived exosomes encapsulating miR-34a promote apoptosis
and inhibit migration and tumor progression of colorectal cancer
cells under in vitro condition
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Abstract
Background MicroRNA (miR)-34a, as a master tumor suppressor in colorectal cancer (CRC), could regulate multiple genes
participating in tumor proliferation, invasion, immune evasion, and inflammation-induced progression. Exosomes, as novel
nano-carriers, were found to be capable of shuttling crucial mediators to various cells. Since the conventional CRC therapeutics
currently are a matter of debate, implication of microRNAs in malignancy remedies have been addressed illustrating promising
outlooks.
Objectives In this study, we aimed to investigate the delivery of miR-34a to CRC cell line CT-26 by encapsulating into
tumor-derived exosomes (TEXs), in order to evaluate the anti-proliferative and progressive effects of the novel nano-carrier
complex under in vitro condition.
Methods Exosomes were purified from the starved CT-26 cells and then enriched bymiR-34a using the calcium chloride (Cacl2)
modified solution. Following the detection of miR-34a expression in the enriched TEXs, the viability of CT-26 cells treated by
multiplicity concentrations of either TEXs or TEX-miR-34a was examined. Moreover, the apoptosis rate of the cells was
evaluated, and the migration of CT-26 cells subjected to both TEX-miR-34a and TEX was also measured. Thereafter, the
expressions of miR-34a target genes, as IL-6R, STAT3, PD-L1, and VEGF-A, which play roles in tumor progression, were
determined in the treated CT-26 cells.
Results The viability of CT-26 cells was harnessed following the treatment with TEX-miR-34a and the apoptosis levels of the
cells were also observed to be enhanced dose-dependently. TEX-miR-34a was able to diminish the migration rate of the
TEX-miR-34a treated cells and the expressions of IL-6R, STAT3, PD-L1, and VEGF-A were significantly restricted.
Moreover, TEXs alone increased the apoptosis rate of tumor cells and repressed the proliferation and migration of these cells
which were boosted by enrichment of TEXs with miR-34a.
Conclusion Exosomes isolated from the starved CT-26 cells were found to have a potential to deliver miR-34a into tumor cells
properly with high functionality maintenance for miR-34a in case of regulating genes related to tumor progression and TEXs
which showed no positive effect favoring cancer cells, presumably act as a favorable adjuvant in the CRC therapy.

Keywords Texosome . MicroRNA . Colorectal cancer .

Apoptosis . Inflammation . Nano delivery

Introduction

Colorectal cancer (CRC) is one of the most controversial can-
cers, for which routine treatments, including surgery and che-
mo-radiotherapy, were not satisfying. In this regard, even in
many cases, remedy failures have resulted in further invasion
and metastasis [1–3]. Thus, in pursue of finding an effective
therapeutic option, microRNA (miRNA)-based therapies have
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recently gained attentions. Correspondingly, miRNAs are
small noncoding RNAs, which can regulate the expression
of multiple target genes post-transcriptionally, so alterations
in their expression levels may substantially affect the fate of
tumorgenesis and pathogenesis of diseases [4].

MicroRNA (miR)-34a acts as a tumor suppressor and it can
be down-regulated in most malignancies, particularly those
tumors related to digestive tract like colorectal cancer [5].
miR-34a can inhibit the progression of cancers through
exerting a wide range of impacts on proliferation, invasion,
and immune evasion of tumor cells [6]. Indeed, miR-34a was
found to be capable of inducing apoptosis in malignant cells
[7] as well as modulating cellular migration through targeting
vascular endothelial growth factor (VEGF) in CRCs [8].
Moreover, miR-34a was suggested to reduce inflammation
by affecting pro-inflammatory cytokine IL-6 secreted by var-
ious types of carcinomas and immune cells, particularly at the
advanced stages of tumorigenesis. IL-6 is an important factor
playing a role in tumor promotion of inflammation through
the IL-6R/ STAT3/ miR-34a feedback loop [9, 10]. In this
regard, the elevated levels of IL-6 were observed to be related
to some factors, including tumor size enlargement, metastasis,
developed stages of disease, and declined survival rate of
CRC patients [11]. Beside the role of STAT3 in IL-6 signaling
pathway and inflammation process, it was indicated to have a
critical impact on tumor metastasis, proliferation, cell cycle,
and apoptosis, so it was considered as a promising molecular
therapeutic target in recent studies [12]. Furthermore, tumor
cells express program death ligand 1 (PD-L1), in order to
induce exhausted immune cells and to escape from
anti-tumor activity of immune system [13], which is related
to the reduced miR-34a level in some cancers [14–16].
Additionally, PD-L1 plays a crucial role in protecting tumor
cells from cytolysis as well as sustaining self-renewal capacity
beyond its function in immune modulation [17–19], which
shows substantial roles of PD-L1 in onco-genesis.

Despite performing intensive studies on miRNA interven-
tions in cancer therapy, introducing an effective strategy on
delivering miRNAs has been always challenging. Although
artificial nano-carriers broadly served in miRNA delivery
[20–22], they have been shown to have some drawbacks such
as non-uniform particle size distribution, rapid clearance by
the reticulo-endothelial system (RES), and toxicity conse-
quences [23–26]. Recently, the possibility of exosomes in
the field of drug delivery has made a strong impression in
these fields of investigations. Notably, exosomes as small
vesicles with size ranged from 30 to 100 nm, are secreted from
various cell types. Furthermore, as natural nano-carriers, they
can transfer various biological mediators such as proteins,
nucleic acids, and RNA species to nearby cells [27]. From a
comparative point of view, exosomes possess some favorable
features such as biocompatibility, low immunogenicity, low
toxicity, biological barrier permeability, and stability in the

circulat ion that have made exosomes promising
nano-carriers [28]. In addition, based on the cellular origin
of exosomes and surrounding microenvironment, the constit-
uents of exosomal cargoes, which can specifically affect target
cells, were found to be varied. For instance, tumor-derived
exosomes (TEX) known as texosomes can transfer multiple
signaling molecules to nearby cells and this can consequently
affect cellular procedures and pathogenesis of cancers [29].
Some collective investigations performed in this field have
revealed that in vitro environmental stressors such as heat,
hypoxia, and starvation, can increase the secretion and modify
the composition of exosomes in various cell types [30–32].
Accordingly, exogenous cargoes can be loaded using various
strategies such as electroporation, incubation, vector based
transfection, and freeze-thaw treatment [33]. Thus, this study
aimed to examine the efficacy of certain suppressing functions
of miR-34a in a texosome delivery system isolated from the
starved CT-26 murine colon cancer cell line under in vitro
condition.

Methods

Cell culture

The mouse colon cancer cell line CT-26 was prepared from
Cell Bank of the Pasture Institute of Iran which was verified to
be free of mycoplasma contamination. Cells were cultured in
RPMI-1640 (Gibco, Paisley, UK) with 100 U/ml of penicillin,
100 mg/ml streptomycin (Gibco, Paisley, UK) and 5 g/
l L-glutamine (Gibco, Paisley, UK) which were supplemented
by 10% fetal bovine serum (FBS, Gibco, Paisley, UK) and
incubated at 37 °C in a 5% CO2 atmosphere. When CT-26
cells grew up to 70–80%, the medium was completely re-
moved and cells were rinsed twice with phosphate-buffered
saline (PBS). Then, the cells were grown in serum-free medi-
um [34] and after 24 h post incubation the conditioned medi-
um (CM) was collected.

Isolation and characterization of CT-26 cells derived
exosome

CT-26 tumor cell line derived exosome (texosomes;TEX)
were isolated from CM using exosome isolation kit (Exocib,
Tehran, Iran) according to the manufacturer s protocol.
Briefly, freshly conditioned medium was pre-cleaned by
Eppendorf 5810 R Centrifuge (Eppendorf, Hamburg,
Germany) at 300×g for 5 min and 2000×g for 10 min to
remove cells and debris contamination. For better result, it
was filtered by 0.22 μm filter. Then the supernatant was
mixed with reagent A of Exocib kit at ratio 5:1 respectively
(the reagent A was vortexed and heated to 37 °C before us-
age). The mixture was further mixed thoroughly by vortexing
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for 5 min and incubated at 4 °C overnight. Next, the mixture
was centrifuged 40 min at 800×g, supernatant was discarded
and the pellet containing exosomes resuspended in 50-200 μl
of reagent B or sterile PBS. Finally, the product was aliquot
and kept in −80 °C for further use.

Dynamic light scattering (DLS)

The size analysis of texosomes was determined with ZetaSizer
Nano series Nano-ZS (Malvern Instruments Ltd., Malvern,
UK) at 532 nm with an angle of 90°. Total protein content
of texosomes was determined using Bicinchoninic acid assay
(BCA, Thermo scientific, Rockford, USA).

Electron microscopy

The morphology of texosomes was visualized by both field
emission scanning electron microscope (FESEM) and trans-
mission electron microscope (TEM). For FESEM imaging,
the texosome suspension were dried on a glass substrate over-
night at room temperature and after gold sputtering directly
observed by FESEM instrument (SEM, EM3200, KYKY).
For TEM analysis, about 20 μL of texosomes solution was
fixed on a copper grid for 5 min. The un-evaporated solution
was removed with filter paper. The texosome sample was
negatively stained with 1% phosphotungstic acid solution
(pH 7.5) for 5 min and measured by TEM (TEM, Philips,
Germany).

Western blot

Exosomes were lysed with RIPA lysis buffer (50 mM
Tris-HCl, pH 7.5, 1.0 mM EDTA, 150 mM NaCl, 1%
Sodium deoxycholate, 0.1% SDS and 1% Triton X-100)
with protease and phosphatase inhibitors (Sigma, USA)
prior to use. The concentration of proteins was mea-
sured using a BCA protein assay kit (Thermo scientific,
Rockford, USA) and the protein samples were loaded
on SDS-PAGE gel for electrophoresis. Then the proteins
were transferred to PVDF membranes (Millipore, USA).
Following incubation with primary antibodies (CD9,
CD81, CD63 and TSG101) (Abcam, USA) for an over-
night, secondary antibodies, goat anti-rabbit horseradish
peroxidase immunoglobulin G (diluted 1:10000, System
Biosciences, Palo Alto, CA) and goat anti-mouse IgG
(diluted 1:2000, Bio-Rad, Watford, UK) were added
for next two-hours incubation. Blots were detected using
the Chemiluminescence (ECL) system (Santa Cruz, CA,
USA). Protein expressions were normalized against β
actin expression.

Texosome enrichment by miR-34a

Enrichment of TEXs by miR-34a mimics (AccuTarget™
Custom mouse miRNA mimic, Bioneer, USA) was per-
formed using Cacl2, a modified method of transfection
established recently by Duo Zhang et al., [35]. In details,
100 pmol miRNA mimic was mixed with 75 μg
texosomes in 150 μl PBS and then Cacl2 (0.1 M concen-
tration) was added. The final volume of mixture was ad-
justed to 300 μl and incubated on ice for 30 min.
Following being heat shocked at 42 °C for 60 s again it
was placed on ice for further 5 min. The texosomes were
then incubated with 2 μg/ml of RNase A (EN0531,
Thermo Fisher) for 20 min at 37 °C to remove all free
miRNA mimics in the mixture. Next 2 μg/ml RNase in-
hibitor (Thermo Fisher) was added for 15 min at 37 °C to
inactivate RNase A.

Cellular up-take of miR-34a-enriched texosome

To examine the efficacy of delivery miR-34a-enriched
texosome (TEX-miR-34a) by cancer cells, firstly, 5 × 104

CT-26 cells were seeded in 24-well plates and cultured in
RPMI-1640 supplemented by 10% FBS overnight. Cells were
further treated with 50 μg/ml concentrations of TEX-miR-34a
or TEX at 37 °C for 24 h. Following the supernatant was
discarded; the cells were harvested to examine miRNA ex-
pression by real-time PCR.

Quantitative real-time PCR

Total RNA was isolated using total RNA isolation kit
(Yekta Tajhiz Azama, Tehran, Iran) according to the man-
ufacturer’s instructions. In order to analyze mature
miRNA, cDNA was generated and qPCR was performed
using cDNA synthesis kit (Exiqon, Copenhagen,
Denmark), SYBR Green Master Mix, (Ampliqon,
Herlev, Denmark) and commercially available primers.
For mRNA analyses, cDNA was synthesized from 2 μg
total RNA per sample using cDNA synthesis kit (Yekta
Tajhiz , Tehran, Iran) . qPCR was performed by
Rotor-Gene Q system (Qiagen, Hilden, Germany) and
the Fast SYBR Green Master Mix (Ampliquin). mRNA
and miRNA expression were normalized using detection
of housekeeping genes, 60S ribosomal protein L13 and
small nu- clear RNA (snRNA) U6 respectively. Results
are represented as fold change through the 2-ΔΔCt method
with the control set to 1. The sequences of oligonucleo-
tides used as qPCR primers are listed in Table 1 which
were designed using the OLIGO v. 7.56 software
(Molecular Biology Insights, Inc., USA) or referred to
previous studies.
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Cell viability assay

The viability of CT-26 cells was measured using MTT 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. In details, CT-26 cells (104 cells/well) were
seeded in 96-well plates and inoculated with increasing mul-
tiplicity concentrations of TEX and TEX-miR-34a for 24 and
48 h. Next, 100 ul of MTT (1 mg/ml, Sigma, USA) was added
into each well and incubated at 37 °C. After 4 h, the superna-
tant was discarded and 50 ul of DMSO (Sigma, USA) was
added into each well for 30 min incubation at room tempera-
ture. Later, optical density (OD) was taken at 24 and 48 h by a
spectrophotometer at 570 nm wavelength. All experiments
were performed in triplicate.

Annexin V apoptosis assay

To assay tumor cell apoptosis, an Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide apoptosis detec-
tion kit (Biolegend, San Diego, CA) was used according
to the manufacturer’s instructions. Specifically, CT-26
cells were seeded in 24-well plates, cultured overnight
and then treated with various concentrations (10, 25 and
50 μg/ml) of TEX-miR or TEX for 24 h in 500 μl of
RPMI-1640 with 10% FBS medium in triplicate.
Untreated cells were considered as control. The treated
and control cells were harvested and mixed with 5 μl
Annexin V-FITC (Biolegend) and 10 μl of 20 μg/ml PI
(Biolegend) reagents. The cells were then incubated at

room temperature in the dark for 20 min. Then, the sam-
ples were subjec ted to f low cytomet ry sys tem
(FACSCanto, BD, USA) after adding 400 μl PBS, to
quantify apoptotic cells through detecting cells positive
for Annexin V-FITC.

Wound healing assay

CT-26 cells were seeded in a six-well plate at a density of 2 ×
105 cells/well to form a monolayer. The wells at 85–90%
confluencywere scratched by a 100 μL pipette tip in triplicate.
Detached cells were removed and replaced with the media
containing moderate concentration (25 μg/ml) of TEX and
TEX-miR-34a. Following 24 h, wound closure of scratches
were measured through images taken under a phase contrast
microscope (Eppendorf, Hamburg, Germany) and image J
software (version 1.41o, Java 1.6.0_10, Wayen Rasband,
USA).

Statistical analysis

All data were expressed in the form of the mean ± standard
deviation (SD). Inter-group comparisons were performed by a
Kruskal-Wallis non-parametric analysis of variance and t-test
was done to compare two by two analysis. All experiments
were performed in triplicate and analyzed using Prism v.8.0
software (GraphPad, La Jolla, CA). Significant statistic differ-
ence was defined as p < 0.05.

Table 1 Quantitative Real-time
PCR primers used in this study Name Sequence Ref.

Mmu-miR-34a-5pa Fw: 5´-GCGGCGGTGGCAGTGTCTTAGC-3′

Rv: 5´-ATCCAGTGCAGGGTCCGAGG-3´

[36]

snRNA U6b Fw: 5´-GCTTCGGCAGCACATATACTAAAAT-3′

Rv: 5´-CGCTTCACGAATTTGCGTGTCAT-3´

[36]

Ribosomal protein L13 Fw: 5´-AGCAGATCTTGAGGTTACGGA-3′

Rv: 5´-GGCATGAGGCAAACAGTCT-3´

Designed

STAT3c Fw: 5´-TCGCTCACGTTTGACATGGA-3′

Rv: 5´-TCTAACAACCAACCCCGAGC-3´

Designed

IL-6Rαd Fw: 5´-CGACACTGGGGACTATTTATGC-3′

Rv: 5´-CCCGTTGGTGGTGTTGATT-3′

Designed

PD-L1e Fw: 5´-ACTTGCTACGGGCGTTTAC-3′

Rv: 5´-CTGAAGTTGCTGTGCTGAGG-3´

Designed

VEGF-Af Fw: 5´- CTGCTGTAACGATGAAGCCCTG-3′

Rv: 5′- GCTGTAGGAAGCTCATCTCTCC-3´

[37]

aMouse musculus-microRNA-34a-5p
b Small nu-clear RNA U6
c Signal Transducer And Activator Of Transcription 3
d Interleukin-6 receptor α
e Programmed death-ligand 1
f Vascular endothelial growth factor A
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Results

Characterization of CT-26 cell derived exosomes

Characteristic analysis illustrated that the average size of
TEXs was 87.13 (±10.89) nm with −19.7 ± 12 zeta potential,
which was in the reported range of exosome size [36]. Aswell,
the exosome markers, including CD9, CD63, CD81, and
TSG101 were verified by immunoblot assay. Furthermore,
we assessed the TEXs with electron microscopy and then
confirmed the size range of less than 100 nm with spheroid
morphology (Fig. 1).

High efficiency transfection of miRNA into texosomes

Equal volumes of TEX and TEX-miR-34a were examined to
investigate the amount of miR-34a incorporation using
real-time PCR. Based on the obtained results, miR-34a ex-
pression significantly increased in TEX-miR-34a in compari-
son with TEX. As well, the fold changes of miR-34a expres-
sion enhanced from 1.00 (±0.76) to 42.51 (±4.85) in the
enriched texosome following the transfection process (P <
0.001, Fig. 2a). Secondly, the expression of miR-34a was
evaluated in the CT-26 cell line co-cultured with 50 μg/ml
of TEX or TEX-miR for 24 h. The results showed that the

expression level of miR-34a mimic significantly increased in
the cells treated with TEX-miR-34a (35.48 ± 0.20) when
compared with TEX (1.00 ± 0.10, P < 0.001). This data
confirmed the successful delivery of TEX-miR-34a to
CT-26 cells. However, no significant difference was detected
between the cells treated with TEX and the untreated control
cells in miRNA expression (Fig. 2b).

miR-34a-loaded TEXs decreased the viability of CT-26
cells

To determine the susceptibility toward TEX-miR-34a during
24 and 48 h, the CT-26 cells were treated by different concen-
trations of both TEX and TEX-miR-34a. Our results demon-
strated that the proliferation rate of cells has significantly
inhibited following 24 h by 10, 25, and 50 μg/ml of
TEX-miR-34a (88.97% ± 1.89, 78.88% ± 0.88, and 64.0%
± 7.13, respectively) in comparison with the untreated cells
(100% ± 3.02, P < 0.05) (Fig. 3a). The inhibitory effect of
TEX-miR-34a (10 μg/ml, 73.97% ± 2.76, 25 μg/ml and
68.88% ± 0.88, and 50 μg/ml, 54.03% ± 2.92, respectively)
was more significant after 48 h of incubation with tumor cells
in compared with the control (100% ± 3.00, P < 0.001)
(Fig. 3b). Interestingly, our data depicted that TEX is capable
of reducing the CT-26 cell viability, which was significant at

Fig. 1 Characterization of texosomes. (a) Murine colon cancer cell line
CT-26 cultured for texosome isolation, original magnification ×400. (b)
Field emission scanning electron microscope (FESEM) image showed
spherical shape of isolated texosomes with the diameter less than

100 nm. (c) Transmission electron microscope (TEM) image represents
bilayer trans-membrane of CT-26 cell exosomes. (d) The average size of
tumor-derived exosomes measured by DLS was 87.13 nm. (e) Surface
markers of texosomes which were verified by western blot
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both 25 and 50 μg/ml concentrations (86.39% ± 2.63 and
81.12% ± 2.21, respectively) after 24 h (Fig. 3a) as well as
in 10, 25, and 50 μg/ml intensity levels (90.53% ± 1.46,

86.25% ± 1.09, and 74.53% ± 2.33, respectively) following
48 h when compared with the controls (100% ± 3.07 and
100% ± 3.04, respectively, P < 0.01) (Fig. 3b).

Fig. 2 Efficacy of loading miR-
34a into texosome. (a) The fold
changes of miR-34a expression in
TEX following transfection and
(b) in CT-26 cells treated by TEX
or TEX-miR-34a after 24 h incu-
bation. Amplification of PCRwas
normalized against U6 miRNA
(***P < 0.001). TEX: Tumor-
derived exosome, TEX-miR-34a:
Tumor-derived exosome loaded
by miR-34a

Fig. 3 CT-26 cell viability. CT-26 cells were treated with multiplicity
density of TEX-miR-34a and TEX for (a.1) 24 h and (b.2) 48 h. Line
graph of tumor cells viability following 24 h (a.2) and 48 h (b.2).

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). TEX:
Tumor-derived exosome, TEX-miR-34a: Tumor-derived exosome load-
ed by miR-34a
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miR-34a-enriched TEXs induces apoptosis in CT-26 cell
line

Due to a significant reduction in proliferation rate of cancer
cells by TEX-miR-34a after 24 h (Fig. 2a), the following

examinations were done during 24 h. As presented in Fig. 3,
TEX-miR-34a significantly increased the apoptosis rate of the
cancer cells both at early and late apoptosis stages when com-
pared with the untreated cells in a dose-dependent manner (P
< 0.001). The rate of apoptosis increased from 2.31% (±0.75)

Fig. 4 FITC-Annexin V/PI assay in CT-26 cells. (a) Dot blot and (b)
graph showing the apoptosis rate (both early and late apoptosis) of CT-26
colon cancer cell line cultured by TEX or TEX-miR-34a in different
concentrations (10, 25 and 50 μg/ml) following 24 h. (c) Early and Late

apoptosis in CT-26 cells (*P < 0.05, ** P < 0.01, *** P < 0.001, ****P
< 0.0001). TEX: Tumor-derived exosome, TEX-miR: Tumor-derived
exosome loaded by miR-34a
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in the untreated cells to 22.90% (±2.87), 26.18% (±4.12), and
28.21% (±3.25) in the treated cells with 10 μg/ml, 25 μg/ml,
and 50 μg/ml TEX-miR34a, respectively (Fig. 4a, b). The

early and late apoptosis levels also followed the similar in-
creasing manner in tumor cells inoculated by TEX-miR-34a;
however, the cells treated with 25 μg/ml showed lower

Fig. 5 Migration assay. (a) CT-26 cells migration in the presence of TEX and TEX-miR-34a (25μg/ml) after 24 h. (b) Bar chart of tumor cells migration
(*p < 0.05, **p < 0.01, ***P < 0.001). TEX: Tumor-derived exosome, TEX-miR: Tumor-derived exosome loaded by miR-34a

Fig. 6 Relative mRNA
expression levels of IL-6R,
STAT3, PD-L1 and VEGF-A.
The expression levels of IL-6R,
STAT3, PD-L1 and VEGF-A
were evaluated in CT-26 cell line
treated by 25 μg/ml of TEX or
TEX-miR-34a transfection fol-
lowing 24 h. Amplification of
PCR was normalized against 60S
ribosomal protein L13 RNA (*P
< 0.05, ** P < 0.01). IL-6R:
Interleukin 6 receptor, STAT3:
Signal transducer and activator of
transcription 3, PD-L1:
Programmed death-ligand 1,
VEGF-A: Vascular endothelial
growth factor-A
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apoptosis levels at early stage and higher ones at late stage
(Fig. 4c). Moreover, the elevated levels of apoptotic tumor
cel l s co-cul tured by di fferent concentrat ions of
TEX-miR-34a were significant in comparison with the cells
treated with the relative concentrations of TEX (P < 0.01,
Fig. 4b). Besides, the percentage of apoptotic cells indicated
a rise following the treatments with 10 μg/ml (7.31% ± 2.07),
25 μg/ml (9.49% ± 2.50), and 50 μg/ml (12.73% ± 3.54) of
TEX compared with the control indicating a similar manner at
early stage, but not at late stage of apoptosis (Fig. 4b, c). Given
that the concentration of 10 μg/ml of TEX was not significant
in both proliferation inhibition and eliciting early apoptosis in
tumor cells, the dose of 25 μg/ml was chosen for conducting
further tests (Fig. 4c).

TEX-miR-34a declines migration and invasion of CT 26
cells

To examine the potential effect of TEX-miR-34a on
CT-26 cell migration and invasion, wound healing
scratch test was done. As illustrated in Fig. 5, an obvious
reduction was observed in the CT 26 migration following
the treatment with TEX-miR-34a (130 μm ±10.00) for
24 h compared with the TEX (173.3 μm ±15.28) treat-
ment and untreated cells (290 μm ±20.00, P < 0.01).
Notably, tumor cells with TEX treatment showed a sig-
nificant decrease in their migration compared to the con-
trol (P < 0.05).

The reduced target gene expressions related to
inflammation (IL-6R, and STAT3), tumor invasion
(VEGF-A), and immune suppression (PD-L1) by
TEX-miR-34a

In order to investigate the effectiveness of miR-34a carried by
texosome on modulating the expression of some important
target genes (IL-6R, STAT3, VEGF-A, and PD-L1), CT-26
cells were treated by a moderate concentration (25 μg/ml) of
TEX-miR-34a or TEX for a 24-h duration. As illustrated in
Fig. 6, the expression levels of IL-6R transcript significantly
decreased in the tumor cells cultured with TEX-miR-34a
when compared to the TEX-treated cells and untreated cells
(p < 0.05). Additionally, the fold change of IL-6R mRNA
decreased from 1.00 ± 0.12 in the untreated cells and 0.93 ±
0.13 in the TEX-treated cells to 0.40 ± 0.01 in the cells treated
with TEX-miR-34a. The expression levels of STAT3 signifi-
cantly decreased in the CT-26 treated by TEX-miR-34a (0.37
± 0.09) in comparison with the TEX-treated cells (0.89 ±
0.09) and untreated controls (1.00 ± 0.10, p < 0.05).
Moreover, the expression levels of PD-L1 showed a signifi-
cant decrease in those cells co-cultured with TEX-miR-34a
from 1.00 ± 0.10 and 0.87 ± 0.14 to 0.47 ± 0.13 in compar-
ison with the untreated cells and the cells treated with TEX (p

< 0.05). Additionally, the fold change of VEGF-A mRNA
significantly reduced in the cells treated with TEX-miR-34a
(0.70 ± 0.11) when compared with both TEX-treated (0.92 ±
0.09) and untreated cells (1.00 ± 0.10, p < 0.05).
Interestingly, the expression levels of the target genes for
miR-34a showed a decline in those tumor cells treated with
TEX; however, these decrease rates were not significant.

Discussion

miRNAs play an extensive role in cancers, and miRNA-based
therapies were in the center of attention for many years [37].
Exosomes, as promising vehicles, are capable of shuttling and
protecting encapsulated miRNAs from enzymatic degradation
and cell-specificity delivering with minimum side-effects and
maximum miRNA concentrations per each recipient cell
[38–40]. Nevertheless, the strategies proposed for the trans-
fection, in order to make exosomes appropriate for the task of
miRNA delivery, are still controversial. In this study, for the
first time, we introduced miR-34a into texosome using calci-
um chloride-mediated transfection, which was recently dis-
covered in a study by Duo Zhang et al. [35]. It is noteworthy
that calcium chloride could facilitate miRNAs loading to
exosomes conveniently and then limit the requirements of
specific laboratory apparatus [35]. Recently, Wei Cheng
et al. in their study have applied the novel Cacl2-mediated
transfection, in order to load miR-125a/b mimic into exosome
derived from jejunum tissue of rats [41]. Our results revealed
that the expression of the miR-34a encapsulated in TEX 42.51
folds significantly increased over texosome alone. Likewise,
the obtained results in tumor cells following the incubation by
exosome-shuttling miR-34a for 24 h represented 35.48 folds
elevation in miR-34a expression of the CT-26 cells in com-
parison to the cells treated with texosome that showed a suc-
cessful delivery of TEX-miR-34a in the tumor cells. These
outcomes are in agreement with those of previous reports on
in vitro delivery of miR-15a mimic loaded by exosomes to
THP-1 macrophages through Cacl2 transfection [35]. On the
contrary, we modified Cacl2-related protocol and detected
much higher fold changes in miR-34a expression. Although
Duo Zhang et al.’s study presumably is the only research
supporting our findings, from a comparative point of view,
the research conducted by Asadi rad et al. indicated similar
fold changes in the miR-155 expression loaded into TEX
using electroporation. Accordingly, this was roughly 25 times
higher in the dendritic cells (DCs) treated with TEX-miR-155
in comparison with the cells cultivated by TEX alone [42].

In the next step, we assessed the functionality of
TEX-miR34a under in vitro. Our results indicated that
TEX-miR-34a can significantly limit the viability of tumor
cells and then induce apoptosis in CT-26 cell line in a
dose-dependent manner. Xichun Xiao et al. in their study
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demonstrated that the over-expression of miR-34a could re-
strict proliferation and promot apoptosis of multiple myeloma
cell lines [43]. Similar results were also reported by Chang
et al., as the profound induction of cell death has occurred in
colon cancer cell line HCT116 [44]. Furthermore, we investi-
gated the effects of the transfected TEX on the expressions of
some essential miR-34a-targeted genes in cancer develop-
ment. Based on the previous findings in this regard, human
CRC cells were found to increase the expression of IL-6R in
response to IL-6 through the activation of oncogenic transcrip-
tion factor STAT3 to induce epithelial–mesenchymal transi-
tion (EMT) and invasion in primary colorectal tumors as well
as in CRC cell line [9, 45]. Matjaz Rokavec et al. in their study
proved that miR-34a can adversely regulate the expression of
IL-6R in a feed-back loop and can also control oncogenic
repercussions of IL-6 [45]. Besides, numerous studies con-
ducted on colitis-associated CRC have asserted that STAT3
signaling is essential for inflammation-induced cancer by the
up-regulation of key genes participating in tumor proliferation
and survival, particularly β-catenin, which is an oncogenic
marker contributing to colorectal carcinogenesis [46, 47].
Our observation is in line with that reported by Matjaz
Rokavec et al. in their study [45], and TEX-miR-34a was also
able to repress the expression of both IL-6R and STAT3
through the above-mentioned pathway.

Moreover, miR-34a has been identified as an important
promoter of immune surveillance in cancers through regulat-
ing PD-L1 and sensitizing the PD-L1 overexpressing tumor
cells to T lymphocyte killing in acute myeloid lymphoma
[48]. Anastasiadou et al. in their study demonstrated that
miR-34a reconstitution in EBNA2-transfected diffuse large
B cell lymphomas decreased PD-L1 expression as well as
enhancing its immunogenicity under in vitro [14]. Our find-
ings regarding the modulation of PD-L1 expression through
the TEX-miR-34a treatment supported previous outcomes.
Besides, it was indicated that miR-34a is functional enough
to inhibit PD-L1 expression significantly. Instead of the im-
mune exhausting function, some tumor-progressive roles, in-
cluding cancer cell proliferation, chemoresistance, and EMT
promotion have been demonstrated for PD-L1 in several stud-
ies [18, 49, 50], emphasizing the importance of miR-34a im-
plication in the PD-L1 down-regulation. In addition, miR-34a
can inhibit tumor cell migration and invasion by VEGF. Park
et al. in their study have outlined that VEGF silencing in
gastric cancer cell line NCI-N87 could lead to the decreased
proliferation, colony formation, and migration of cancer cells
under in vitro [51]. Consistently, our data clearly showed that
TEX-miR34a is a potential agent to restrict the expression
levels of VEGF-A in the treated CT-26 cells and hampered
tumor cell invasion.

Aside from some favorable outcomes regarding the TEX
delivering miR-34a into tumor cells, we observed that TEX
alone may have the abilities of inducing apoptosis in the

CT-26 cells and reducing viability and migration of tumor
cells, even though this induction was far lower in comparison
with TEX-miR34a. This findings is in contrast with those of
previous studies introducing texosomes as a tumor progres-
sive agent playing roles in both proliferation and invasion of
cancer cells [52, 53]. These results can be explained by the
hypothesis proposed by Johann Mar Gudbergsson et al. [54]
concerning the possibility of exosomes as a part of autophagy
machinery. It has been assumed that during cellular starvation,
the cells could produce and secret autophagosomal vesicles to
waste unfavorable biomolecules that are harmful for the cells.
As well, due to the similarity between autophagy-related path-
ways and exosomes, this responsibility may be on exosomes,
in order to discard poisonous compounds from the cells [54].
Considering that the secretion of exosomes increases during
cellular starvation, exosome release might be known as an
autophagy-related response to discharge waste and compen-
sate if degradative autophagy pathways are either overloaded
or defected [55, 56]. Therefore, introducing TEX obtained
from the starved cells to tumor cells growing under normal
condition possibly culminated in apoptosis through texosomal
cargos. Moreover, it was shown that deliveringmiR-34a using
these TEXs may exaggerate the phenomenon of apoptosis.
Correspondingly, this could be evidenced by a study by
Takahashi et al., which has displayed that exosome secretion
could relieve cellular stress by transferring damaged DNA and
chromosomal fragments in the exosome, in order to prevent
the generation of excessive reactive oxygen species [57].
Therefore, the usage of the starved TEXs in cancer therapies
is considered as a promising approach not only in terms of
miRNA delivery, but also as adjuvant components that may
synergistically affect the consequences caused by anti-tumoral
therapy. This dual beneficial feature can make the starved
texosomes as superior to the conventional texosomes isolated
under normal condition leading to tumor progression [58],
instead of being a part of cancer therapy. However, the exact
signaling pathways involved in tumor suppressing effects of
the starved texosomes need further investigations.

Conclusions

It was indicated that miR-34a, as a major tumor suppressor,
could efficiently function in texosome delivery system and
also harness the propagation and invasion of cancer cells.
TEX-miR-34a was also able to impede gene expression asso-
ciated with immune escape and inflammatory-related progres-
sion. Moreover, TEXs, as natural nano-carriers, may be con-
sidered as promising vehicles to deliver miRNAs in tumor
cells efficiently and present potential adjuvant in cancer treat-
ment strategies along with other therapy approaches isolating
the exosomes from the starved tumor cells, which are enriched
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by harmful substances for tumor cells growing under normal
conditions.
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