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ABSTRACT

Cervical cancer is the fourth-most prevalent malignancy in women. For advanced cervical cancer, radio-
therapy is a major treatment. Micro RNAs (miRNAs) are small, noncoding RNAs that negatively regulate the
target gene expression posttranscriptionally. miR-22 is frequently downregulated in various cancers
including cervical cancer, and is associated with a poor prognosis in cervical cancer. Exosomes are small
endosomally secreted vesicles that carry components such as proteins, messenger RNA (mRNA), DNA and
miRNA. We investigated whether or not exosomes can efficiently deliver miR-22 to recipient cervical
cancer cells and affect the gene expression in the cells, as well as assessed the role of exosomal miR-22 in
radiosensitivity. Exosomes containing high levels of miR-22 were extracted by ultracentrifugation and
then characterized by Western blotting, a nanoparticle tracking analysis and electron microscopy. The
high presence of miR-22 in the exosome was confirmed by real-time polymerase chain reaction. After the
administration of the collected exosomal miR-22 to SKG-Il and C4-I cervical cancer cells, the level of miR-22
in the cells was significantly increased, indicating the absorption of the exosomal miR-22. When miR-22
encapsulated in exosomes was administered to the SKG-Il cells, the level of c-Myc binding protein
(MYCBP) and human telomerase reverse transcriptase (hTERT) was significantly decreased in correlation
with increased radiosensitivity determined by a clonogenic assay. Taken together, these results suggest
that the administration of exosomal miR-22 may be a novel drug delivery system for cervical cancer
radiotherapy.
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Introduction safety of exosome management in humans has been
demonstrated.'* "¢

The Myc family of transcription factors (c-Myc, N-Myc and
L-Myc) has an overall influence on cell proliferation and
growth as an important carcinogenic transcription factor,
modulating approximately 15% of all genes.'”>° The c-Myc
gene has been reported to be overexpressed and genetically
amplified much more frequently in advanced tumors than in
early cervical cancer. Furthermore, c-Myc is involved in the
high-risk human papilloma virus (HPV)-18 carcinogenic
activity.?! c-Myc gene overexpression is a poor prognostic
factor regarding the risk of distant metastases in patients with
invasive cervical cancer.*”

Micro RNAs (miRNAs) are short non-coding RNAs of
about 22 nucleotides and are known to be key regulators of
a wide range of biological processes such as cell differentia-
tion, development and homeostasis by recognizing the
3'untranslated region (UTR) of its target gene mRNA and
suppressing the expression of the genes.”> miRNAs not only
help maintain normal cellular processes but also act as
tumor suppressors or promoters, depending on the target-
ing gene.”* However, miRNAs that regulate the c-Myc

Over the years, cervical cancer screening and early treatment
have reduced the incidence and mortality of cervical cancer."
However, the prognosis of advanced cervical cancer remains
poor. Because advanced cervical cancers receive radiotherapy
or chemoradiotherapy, radiotherapy is a critical component of
the standard treatment regimen.’> However, radiation therapy
is associated with issues, such as radioresistance and recurrence
after radiation therapy that induces cancer cell repopulation.®
Furthermore, radiotherapy for advanced cervical cancer often
causes long-term side effects on the bladder and bowel func-
tion. Therefore, a novel therapeutic approach to induce radio-
sensitivity is required. While targeted and biologic therapy has
attracted attention in recent years, few dramatic improvements
have been seen.”

Exosomes are nanometer-sized extracellular vesicles secreted
from many cell types’ and also isolated from body fluids, such as
semen, urine, plasma, and saliva.* "> An increasing number of
researchers have focused on the potential utility of exosomes as
a novel drug delivery system (DDS) transferring their compo-
nents to recipient cells in the body.*'*'* Several clinical trials
using exosomes for immunotherapy have been started, and the
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expression and their regulatory mechanisms are poorly
understood.

A recent study showed that miR-22 directly inhibits
MYCBP expression by targeting the 3'UTR of the gene
and subsequently reducing the activity of c-Myc.'” In pre-
vious studies, miR-22 was identified as a tumor suppressor.
miR-22 is frequently downregulated in tumors, such as
those of the lung, liver and colorectal region, compared
with normal tissues.?> 2" In cervical cancer, cell prolifera-
tion was reported to be attenuated by miR-22 via the
inhibition of ATP citrate lyase, which is a key enzyme
influencing metabolic activity.”® Furthermore, a previous
report showed that the decreased level of miR-22 in cervical
cancer correlates with a poor prognosis.”” However, the
relevance of miR-22 in cancer radiotherapy has not been
reported in detail.

Human telomerase reverse transcriptase (hTERT), a target
gene of c-Myc, plays an important role in the immortality of
cancer cells by catalyzing the synthesis of the telomeric
DNA.”?*?! Telomerase has been reported to be involved in the
regulation of radiosensitivity via the downregulation of hTERT
in cervical cancer cells.” Our preliminary data showed that the
forced expression of miR-22 by gene transfection resulted in the
suppression of the MYCBP gene expression and subsequent
reduction of hTERT, thereby increasing the radiosensitivity in
cervical cancer cells.

In the present study, we examined the potential therapeutic
role of exosomal miR-22 on cervical cancer radiotherapy.

Materials and methods
Cell culture

Human embryonic kidney cell line 293 (HEK293) cells were
purchased from RIKEN BioResource Research Center (Ibaraki,
Japan). The cells were cultured in Minimum Essential Medium
Eagle (Sigma-Aldrich, St Louis, MO, USA) with MEM Non-
Essential Amino Acids Solution (100X; Thermo Fisher
Scientific, Waltham, MA, USA) and 10% fetal bovine serum
(FBS) (Gibco, Grand Island, NY, USA) in an atmosphere of 5%
CO, at 37°C. C4-I cells were obtained from American Type
Culture Collection (Manassas, VA, USA). SKG-II was kindly
provided by Keio University. The cells were cultured in
DMEM medium (Sigma-Aldrich) supplemented with 10% FBS
in an atmosphere of 5% CO, at 37°C.

Transient transfection

HEK293 cells were transfected with Lipofectamine 2000
reagent (Life Technologies, Carlsbad, CA, USA). One day
before transfection, 0.25 x 10° cells were seeded into 6-well
plates. Pre-miR-22 (100 pmol, AM17101; Ambion, Waltham,
MA, USA) and 5 yl of Lipofectamine 2000 reagent (Invitrogen)
were mixed in Opti-MEM (Gibco) and added to the cells as
described previously.*® After 4-6 h of incubation, the medium
was renewed and incubated overnight. The medium was then
renewed again to DMEM supplemented with 10% exosome-
depleted FBS (System Biosciences, Palo Alto, CA, USA). After
72 h, the medium was collected.
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Western blot analyses

Western blotting was performed as described previously.**?*

In brief, total protein was lysed by Pierce RIPA Bufter (Thermo
Fisher Scientific). Equal amounts of cell proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to PVDF membranes. The
membranes were blocked in 10% bovine serum albumin in
1X Tris-buffered saline and incubated with specific primary
antibody of CD63(1:1000 dilution; Santa Cruz Biotechnology,
Dallas, TX, USA), TSG101(1:1000 dilution; Abcam,
Cambridge, UK), MYCBP (1:200 dilution; Sigma-Aldrich,
St. Louis, MO, USA), Bax (1:1000 dilution; Cell Signaling,
Boston, MA, USA) and Bcl-2 (1:1000 dilution, Cell Signaling)
overnight at 4°C. After washing, the membranes were incu-
bated with secondary antibody of mouse immunoglobulin for
1 h. Finally, the bands were visualized using enhanced chemi-
luminescence (ECL Plus; GE Healthcare Life Sciences,
Pittsburgh, PA, USA). The density of the bands was quantified
using Image].*®

Reverse transcription polymerase chain reaction (RT-PCR)

miRNA was extracted from SKG-II cells and C4-1 cells using the
miRNA isolation kit (Ambion) according to the manufacturer’s
protocol, and cDNA was synthesized using SuperScript II reverse
transcriptase kit (Invitrogen). PCR was carried out using the
Platinum PCR SuperMix (Invitrogen) system according to the
manufacturer’s protocol. The following primers were used for
PCR: miR-22 (Assay ID: 000398; Applied Biosystems, Carlsbad,
CA, USA), hTERT (Hs00972650; Applied Biosystems), MYCBP
(Hs00429315; Applied Biosystems). The expression of miR-16
and GADPH was assessed as an internal control in reactions.

Preparation of exosomes

Cell supernatants were centrifuged at 2000 g for 10 minutes
and then filtered through a 0.22-pm filter (Merck Millipore,
Bedford, MA, USA) to remove cell debris. To pellet exosomes,
ultracentrifugation was carried out at 100,000 g for 70 minutes
using an Optima XE-100 (BECKMAN COULTER, Brea, CA,
USA), SW41 TI(BECKMAN COULTER) and Ultra-Clear tube
(BECKMAN COULTER). The exosomes were collected with
phosphate-buffered saline (PBS).

The nanoparticle tracking analysis (NTA)

NTA measurement was performed using NanoSight LM 10
(NanoSight, Wiltshire, UK). Collected EV pellets were resus-
pended in 1 ml of PBS and diluted to 1:100 before the analysis.
The samples were loaded in the instrument and analyzed
according to the manufacturer’s instructions using the NTA
software program, version 2.3 (NanoSight).

Scanning electron microscopy

Exosomes were incubated with poly-L-lysine solution coated
beads (¢3.10 um; Merck Millipore). After drying, the beads
were washed and fixed in 1.25% glutaraldehyde in 0.1 M
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Figure 1. The exosome confirmation analysis. The exosomes were isolated from the culture medium of HEK293 cells transfected with either precursor miR-22 (miR-22) or
control (cont miR). (a) Western blot analyses were performed to detect the exosomal marker proteins (CD63 and TSG101) in vesicles released by HEK293 cells.
Representative examples of bands from three independent experiments are shown. (b) The particle size distributions and concentrations of exosomes were measured
using a nanoparticle tracking system. (c) A representative image of exosomes using transmission electron microscopy.

phosphate buffer (PB; pH 7.4). The beads were then washed
again with PB and fixed in 1% osmium tetroxide for 40 min.
After washing with PB, the beads were gradually dehydrated in
a graded series of ethanol washes. The platinum palladium was
evaporated, and vapor deposition was performed. We performed
scanning electron microscopy (S-5000; HITACHI, Tokyo,

Japan).

The clonogenic assay (2D)

A clonogenic assay was performed using the technique described
previously.® In brief, cultured SKG-II and C4-1 cells were tryp-
sinized to produce a single-cell suspension, and then the desired
number of cells was seeded in 6-well dish. Four hours later, each
well was sprinkled with exosomes (1 ug/cell). Twenty-four hours
later, cultures were irradiated using an X-ray machine M-150WE
(SOFTEX, Tokyo, Japan) with 0, 2, 4, 6 and 8 Gy. The dishes were
placed in an incubator at 37°C in 5% CO, for about 2 weeks until
the cells formed sufficiently large colonies (= 50 cells).

The clonogenic assay (3D)

Measurement of 3D cell survival in Matrigel-based cultures
was accomplished as reported before.””*® The 3D clonogenic
survival assay was performed as described previously.”® In
brief, each exosome was administered to SKG-II cells, then
the cells were irradiated using an X-ray machine (M-150WE;
SOFTEX) with 0, 3 and 6 Gy. Twenty-four hours later, single
cells were seeded in Matrigel/DMEM (1:1) at a concentration
of 2 x 10°/well. The dishes were placed in an incubator at 37°C
in 5% CO, for 5 days. The spheres were counted using an all-in
-one microscope (BZ-X700; KEYENCE, Osaka, Japan). Sphere
numbers and diameter sizes were assessed for each sphere with
a minimum diameter of 40 pm.
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Figure 2. The increased expression of miR-22 in exosomes secreted by HEK293
cells. HEK293 cells were transfected with either precursor miR-22 (miR-22) or
control (cont miR). The relative abundance of miR-22 in exosomes was calculated
by gRT-PCR, and the relative fold difference compared with cont miR was
presented (** p < .01).



Statistical analyses

The statistical analyses were performed using the StatView
software program (SAS Institute, Cary, USA). The data repre-
sent the mean *standard deviation of three independent
experiments. The statistical analysis was performed using
Student’s t-test at a significance level of p < .05.

Results
Characterization of exosomes released from HEK293 cells

We performed Western blotting, an NTA and electron micro-
scopy (Figure 1). Western blotting showed that the exosomal
inclusive markers CD63 and TSG101 were expressed in the
exosomes (Figure la). To obtain exosomes containing high
levels of miR-22, precursor miR-22 (Pre-miR-22) or control
(control miR) was transfected into the HEK293 cells. The
culture supernatants were then collected, and ultracentrifuga-
tion was performed. The exosome size distribution was char-
acterized by an NTA at a diameter between 118- and 129 nm.
The mode of the exosomes secreted from Pre-miR-22-
transfected HEK293 cells was 129 nm, and the mode of exo-
somes secreted from control miR-transfected HEK293 cells
was 110 nm, indicating no marked differences in the size
distribution between transfection of miR-22 and control
miRNA (Figure 1b). On scanning electron microscopy, exo-
somes were visualized and confirmed to have a spherical shape
(Figure Ic).

The miR-22 levels in exosomes secreted from Pre-miR-22-
transfected HEK293 cells were significantly increased
compared to those secreted from control miR-transfected
HEK293 cells

To confirm the levels of miR-22 in the exosomes, real-time
PCR was performed. It showed that the levels of miR-22 in the
exosomes were significantly higher in those derived from Pre-
miR-22-transfected HEK293 cells (exo-miR22) than in those
derived from control miR-transfected HEK293 cells (exo-cont
miR) (Figure 2; p < .01).

The administration of exosomes derived from HEK 293
altered the expression of MYCBP and hTERT in the
recipient cervical cancer cells

To examine the effect of miR-22 encapsulated in exosomes
on the cervical cancer cells, we treated SKG-II cervical
cancer cells with exo-miR22 or exo-cont miR. After treat-
ment with these exosomes, we first evaluated the expression
of miR-22 in the treated SKG-II cells to confirm the
absorption of the exosomes. The administration of exo-
miR22 to the cervical cancer cells induced a significant
increase in miR-22 in the treated cells compared to treat-
ment with exo-cont miR (Figure 3a; p < .01).

Our previous findings and recent reports'’ showed that
miR-22 directly targeted c-Myc binding protein (MYCBP)
through binding to the MYCBP 3'UTR. We therefore
examined whether or not treatment with exo-miR22 of
SKG-II cells repressed the expression of MYCBP in the
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cells. The level of MYCBP mRNA in SKG-II cells was
significantly decreased after the administration of exo-
miR22 compared to exo-cont miR (Figure 3b; p < .01).
The MYCBP protein expression was also inhibited by exo-
miR22 compared to exo-cont miR (Figure 3¢; p < .05).
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Figure 3. The uptake of miR-22-highly-containing exosomes by cervical cancer
SKG-II cells. Exosomes containing high levels of miR (exo-miR22) or cont miR
exosomes derived from HEK293 cells were administered to SKG-II cells. (a) The
relative abundance of miR-22 in the recipient SKG-II cells was calculated by gRT-
PCR. The relative fold difference compared with exo-cont miR-treatment was
presented (** p < .01). (b) The administration of exo-miR22 inhibited MYCBP
mRNA in SKG-II cells. The relative fold difference compared with exo-cont miR-
administration was presented (** p <.01). (c) Western blot analysis of MYCBP. The
administration of exo-miR22 suppressed MYCBP protein expression in SKG-II cells.
Bar graph showing the ratio of MYCBP/B-actin in each group (* p < .05). (d) The
administration of exo-miR22 decreased hTERT mRNA in SKG-II cells. The relative
fold difference compared with exo-cont miR-administration was presented (*
p < .05).
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Figure 4. The effect of exosomal miR-22 on radiosensitivity of cervical cancer cells in 2D. HEK293-derived exosomes, either exo-miR22 or exo-cont miR, were
administered to SKG-Il (a) and C-4l (b) cells. After the administration of the exosomes, the cells were irradiated with various doses of X-rays.
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Figure 5. The effect of exosomal miR-22 on the radiosensitivity of cervical cancer
cells in 3D. (a) Morphology of SKG-II cells in 3D (magnification, x20).
Scale = 50 um. (b) HEK293-derived exosomes, either exo-miR22 or exo-cont
miR, were administered to SKG-II cells. After the administration of the exosomes,
the cells were irradiated with various doses of X-rays.

MYCBP promotes the activation of the c-Myc target gene
including hTERT via E-box.”> We therefore next examined
the effect of exo-miR22 treatment on the hTERT repres-
sion. As expected, the hTERT mRNA expression was sig-
nificantly decreased by the administration of exo-miR22
(Figure 3d).

Radiosensitivity was enhanced by exosomal miR-22
in vitro

We examined the effect of miR-22-containing exosomes on
radiation therapy. The clonogenic assay is widely used to deter-
mine cell reproductive death after treatment with ionizing radia-
tion. In 2D models, SKG-II cells and C-4I cells were treated with
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Figure 6. The effect of exosomal miR-22 on cell apoptosis. Proapoptotic Bax
expression and antiapoptotic Bcl-2 expression were assessed by Western blot
analysis. HEK293-derived exosomes, either exo-miR22 or exo-cont miR, were
administered to SKG-II cells. The cells were then irradiated with 4 Gy of X-rays,
and protein samples were harvested. Bar graph showing the ratio of Bax/B-actin
and Bcl-2/B-actin in each group (* p < .05).



exo-miR22 or exo-cont miR, and irradiated with various radia-
tion doses (2, 4, 6 and 8 Gy). Compared to the treatment of exo-
cont miR, the survival fraction of the exo-miR22-treated group
was lower in both SKG-II cells and C4-1 cells, indicating
increased radiosensitivity after treatment of exo-miR22 (Figure
4). We further examined the impact of exo-miR22 on the 3D
clonogenic survival in SKG-II cells. The cell survival in 2D was
found to be associated with the 3D result as well (Figure 5).

Exosomal miR-22 upregulated apoptotic pathway in
cervical cancer cells

To elucidate the mechanism underlying the increased radio-
sensitivity induced by exosomal miR-22, we then investigated
the effect of exosomal miR-22 on apoptosis. We found that
treatment of exosomal miR-22 increased the expression of Bax,
whereas the expression of Bcl-2 was decreased after the treat-
ment of SKG-II cells with exosomal miR-22 (Figure 6; p < .05).
These results collectively indicated that exosomal miR-22
administration on irradiation increases the apoptotic pathway.

Discussion

Exosomes have received increasing attention for their role in
cell-to-cell communication and their biological functions such
as in angiogenesis, proliferation and cell cycle regulation and
apoptosis through their protein and gene cargoes including
miRNAs. In the present study, we explored whether or not
exosomes can efficiently deliver miRNA to target recipient
cancer cells and alter the gene expression in the cells. We
found that miR-22 encapsulated in exosomes did indeed alter
the MYCBP and hTERT gene expression in the recipient cer-
vical cancer cells. We further showed that the administration of
the exosomal miR-22 led to the increased radiosensitivity of the
recipient cervical cancer cells in vitro.

Several materials have been developed as DDS carriers.
Polyethylene glycol-coated liposomes have been frequently
used as DDS carriers because of their simple preparation tech-
niques and acceptable toxicity profiles. These liposomes have
either single or multiple lipid bilayers. The structural features
of exosomes are similar to those of liposomes, making exo-
somes attractive as a DDS. In addition, since exosomes are
produced by the cells themselves, they consist of only biogenic
substances, an advantage over liposomes.*’ In recent years,
preclinical strategies concerning exosomes encapsulating
miRNAs as DDS have been vigorously employed. Katakowski
et al. showed that mesenchymal stem cell (MSC)-derived exo-
somes loaded with miR-146b inhibited glioma growth.*' Ohno
et al. recently showed that HEK293-derived exosomes contain-
ing let-7a miRNA inhibited breast cancer progression in in vivo
mouse model.*" Bigagli et al. showed that colon cancer cell-
derived exosomes containing miR-210 regulate epithelial-
mesenchymal transition and metastasis.**

Radiotherapy is a major treatment modality in advanced
cervical cancer. However, radioresistance poses a major barrier
to the advanced cervical cancers, which undermines the effi-
cacy of radiotherapy. Hence, additional therapeutic approaches
that enhance the effects of radiation treatment are essential.
A recent report showed that MSC-derived exosomes,
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combined with radiotherapy, enhanced the effects of radiation
on melanoma cells, suggesting the potential utility of exosomes
asa DDS.** However, the detailed mechanisms underlying how
the exosomes contribute to the increased radiosensitivity have
not been examined.

hTERT is reportedly very important in radioresistance
through the PI3K/AKT pathway.* In cervical cancer patients,
the increased expression of hTERT is related to radiation
resistance and poor prognosis.*’ In the current study, we
treated cervical cancer cells with HEK293-derived exosomes
containing miR-22 and observed a reduced hTERT expression
and increased radiosensitivity of the recipient cervical cancer
cells in vitro. Although the present study has a limitation in
that the role of exosomal miR-22 was evaluated only in in vitro
experiments, this is the first report to show that exosomal miR-
22 induced radiosensitization through hTERT reduction.
Recently, a few studies have described the effect of decreased
TERT on apoptosis. Ling et al. showed that TERT knockdown
induced apoptosis in mouse germ cells.** In human osteosar-
coma cells, increased TERT expression has been shown to
inhibit cisplatin-induced apoptosis, whereas knockdown of
TERT promoted cisplatin-induced apoptosis.*’” In human
glioma cells, Wang et al. reported silencing of the hTERT
gene induced apoptosis by decreasing Bax protein and increas-
ing Bcl-2 protein.*® Consistent with these previous studies, we
found that the treatment of exosomal miR-22 with irradiation
increased the Bax protein expression and decreased Bcl-2 pro-
tein expression, indicating that exosomal miR-22-promoted
radiosensitivity was accompanied by increased apoptosis.

In conclusion, our results show that the administration of
miR-22-enriched exosomes can sensitize cervical cancer radio-
therapy in vitro, which may be partly mediated by promoted
apoptosis. Further studies should attempt to increase exosome
production and reduce the antigenicity in order to establish
exosomal miRNA as a novel DDS in clinical settings.
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