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ORIGINAL ARTICLE
Carbonyl reductase 1-overexpressing exosomes inhibit proliferation of ovarian
cancer cells

Anna Takabayashi-Ebina”’, Minako Yokoyama", Kayo Horie”, and Yoshihito Yokoyama®

Abstract We previously reported that a human carbonyl reductase 1 (CBR1) DNA-dendrimer complex could
potentially be used in gene therapy for peritoneal metastasis of ovarian cancer. The aims of the current study
were to make exosomes which overexpressed CBR1 and to examine the antiproliferative effect of using the CBRI1-
overexpressing exosomes on ovarian cancer cells. Endometrial stromal cells (fibroblasts) were transfected with
CBR1 DNA by using Lipofectamine, the highest expression level of CBR1 was produced from the cells transfected
under the condition of Lipofectamin 24 pl/DNA 36 pg for 48 h. Exosomes were purified from culture supernatants by
exoEasy Maxi Kit. Western blot showed that CBR1 notably expressed in exosomes extracted from the stromal cells
transfected with CBR1 DNA. Proliferation of ovarian cancer cell line was significantly inhibited by adding CBR1-
overexpressing exosomes compared to proliferation of those cells in which exosomes without CBR1 DNA were added.
We obtained the evidence that CBR1-overexpressing exosomes could function in carrying CBR1 DNA into ovarian
cancer cells. Results suggested that exosomes are a useful tool of gene delivery and that a gene therapy of combining
CBR1 DNA and exosomes may be promoted in the treatment of advanced and recurrent ovarian cancers with

peritoneal dissemination.
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Introduction

Ovarian cancer is a representative tumor
with poor prognosis among various gynecological
malignancies’. Approximate half of patients with
the cancer are currently detected in clinical
condition of stage III or IV because the ovaries
are located within the pelvis and lack of early
warning signs®. Cytoreductive surgery followed
by adjuvant chemotherapy is generally recom-
mended as the primary treatment for advanced
epithelial ovarian cancer’. In recent years, molec-
ularly targeting drugs such as bevacizumab is
thought to be relatively effective against the
tumor, but 5-year survival rate in advanced
stages (FIGO stage Il or V) remains at 18-
46%”. Epithelial ovarian cancer is highly respon-
sive to initial chemotherapy, but approximately

50% of the patients with advanced ovarian
cancer recur within 2 years and this disease
results in poor prognosis due to a decreased
response to chemotherapy“. Therefore, new
treatment strategy for epithelial ovarian cancer
is required.

Carbonyl reductase 1 (CBR1) is an NADPH-
dependent oxidoreductase with a broad specifici-
ty for carbonyl compounds, which reduces alde-
hydes and ketones to be involved in metabolism
of endogenous biologically active substances,
foreign compounds and drugs. CBR1 is distribut-
ed in liver, skin, kidney, breast, ovary and vascu-
lar endothelium”.

In our previous study, patients with decreased
CBRI expression in epithelial ovarian cancer had
a worse prognosis than those with a high
expression level of CBR1®. Growth of ovarian
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cancer was inhibited by administering clofibric
acid in in vivo experiment, and CBR1 was highly
expressed in ovarian cancer tissues’. When the
ovarian cancer cells in which CBR1 was highly
expressed were inoculated into the back of mice,
tumor did not grow enough®. Conversely,
decreased expression of CBRI in ovarian cancer
cells promoted tumor development and increased
the frequency of metastasis to other organs’.
Although DNA can be transfected via such
techniques as use of transfection reagents,
electroporation or viral vectors into the cells,
these techniques are difficult to use in clinical
settings. Thus, attention has focused on
dendrimers as a drug delivery system (DDS),
and we showed that mice with peritoneal dis-
semination of ovarian cancer had a significantly
longer survival by administering CBR1 DNA-
dendrimer complex into abdominal cavity'”.

Although research had been conducted to
design a dendrimer that precisely controls
adhesion to cells and tissues, we focused on
exosome to seek more beneficial drug delivery
tool. Exosomes are 40-100 nm membrane
vesicles of endocytic origin secreted by most cell
types in vitro, and they are also found in vivo in
body fluids such as blood, urine, amniotic fluid,
malignant ascites, bronchoalveolar lavage fluid,
synovial fluid, and breast milk'”. Interestingly,
the recent studies have shown that exosomes
contain both mRNA and microRNA, which can
be transferred to another cell, and be functional
in the new environment, and that the function of
exosomes changes depending on the conditions
of secretory cells'’. Numerous studies have
reported that exosomes are useful as a DDS'? %,
The application of exosomes as a DDS to the
nervous system has been reportedm, and one
study succeeded in suppressing breast cancer by
using exosomes as a DDS™’

In this study, we aimed to make exosomes
which overexpress CBR1 and to determine the
optimal conditions for delivering CBR1 DNA to

ovarian cancer cells by using exosomes. Finally,
we examined the antiproliferative effect of
adding CBRI1- overexpressing exosomes on
ovarian cancer cells.

Materials and Methods

Cell Lines and cell culture

Fibroblast cell line, h\TERT-immortalized
human endometrial stromal cells (THESCs) was
obtained from the American Type Culture
Collection (Rockville, MD, USA). THESCs were
delivered from healthy female uterus endometri-
um and do not secret any hormone. THESCs are
a fibroblast immortalized with hTERT, and the
invaluable tool for consistent in vitro work'®.
They were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Sigma-Aldrich,
St Louis, MO, USA), supplemented with 10%
fetal bovine serum (NICHIREI Biosciences,
Tokyo, Japan) at 37 C in a water-saturated
atmosphere with 5% CO,/95% air. TOV-21G and
SK-OV-3 cells were obtained from the American
Type Culture Collection. TOV-21G cells are
derived from human ovarian clear cell carcinoma
tissues. SK-OV-3 cells are derived from human
ovarian serous carcinoma ascites. Both TOV-21G
and SK-OV-3 cells are commonly used to produce
xenografted solid tumor'” 19 They were cultured
in Dulbecco's Modified Eagle Medium (DMEM)
(Gibco/Life Technologies, Carlsbad, CA,USA)
supplemented with 10% fetal bovine serum at 37
C in a water-saturated atmosphere with 5%
C0O,/95% air.

Plasmid DNA preparation

A pCMV6-AC-GFP vector (OriGene Technol-
ogies, Inc., Rockville, MD, USA) that encodes
the human CBRI, green fluorescent protein
(GFP) and ampicillin resistance genes were used
to optimize and obtain highly efficient transfec-
tion. For amplification, pCMV6-AC-GFP was
transformed into E. coli-DH5a competent cells by
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heat-shock transformation according to standard
laboratory protocols. The transformed bacteria
were amplified in LB-ampicillin medium. The
plasmids were purified from cultured trans-
formed bacteria using a PureLink HiPure Plas-
mid Filter Maxiprep Kit (Invitrogen Life Tech-
nologies, Carlsbad, CA,USA) according to the
manufacturer’s protocol.

Small interfering RNA preparation

The sequences of small interfering RNA (siR-
NA) duplexes specific to CBR1 were synthesized
commercially by Invitrogen Life Technologies.
CBR1 siRNA sense, 5-AUACGUUCACCACUCU
CCCTT-3" and antisense, 5-GGGAGAGUGGUG
AACGUAUTT-3" were designed to target
different coding regions of the human CBRI1
mRNA sequence (GeneBank Accession no.
NM_001757).

Transfection

One day before transfection, THESCs cells of
1.0x10° cells/plate were cultured in 10ml of
RPMI-1640 medium, supplemented with 10%
fetal bovine serum without antibiotics per
100mm culture vessel, so that they would reach
80-90% confluence at transfection. Afterwards,
CBRI1 DNA was added to the cells and transfect-
ed using a Lipofectamin 3000 Reagent (Invitro-
gen Life Technologies) according to the manu-
facturer’s protocol. The ratio of Lipofectamin/
DNA was examined with Lipofectamin 12ul and
DNA 12ug, 24pg or 36ug, and Lipofectamin 24ul
and DNA 24pg, 36pg or 48ug. Transfected cells
were incubated at 37°C in a CO, incubator for 6h
and culture fluid was exchanged to Advanced
RPMI-1640 Reduced Serum Medium (Gibco/Life
Technologies), and then those continued to be
incubated for 72h and culture supernatant was
harvested. In the same way, 600pmol of CBR1
siRNA was added to the cells and transfected
using a Lipofectamin 3000 Reagent (Invitrogen
Life Technologies). Transfected cells were

incubated at 37°C in a CO, incubator for 6h and
culture fluid was exchanged to Advanced RPMI-
1640 Reduced Serum Medium, and then those
continue to be incubated for 48h and culture
supernatant was harvested. The control group
was only given the Lipofectamin 3000 Reagent.
THESCs cells transfected with CBR1 DNA were
evaluated for GFP expression using a laser
scanning confocal microscope (BZ-X700;
Keyence, Osaka, Japan) 24,48 and 72 h after
transfection.

Exosome extraction

The exosomes were purified from culture
supernatants using an exoEasy Maxi Kit
(QIAGEN, Hilden, Germany) according to the
manufacturer’s protocol. The kit is extracted
with buffer XE. When 5% of XE buffer is added
to cells, no cytotoxicity is found, so we adminis-
tered XE buffer to the TOV-21G and SK-OV-3
cells at a concentration of 5% and it was
confirmed that no cytotoxicity was found as with
the non-treated group. Finally, eluted solution
concentration used in this study was 4%.

Western blot analysis

Cell lysates (30 pg protein) were prepared
from THESCs cells transfected with CBR1 DNA
or CBR1 siRNA cultured for 48h and 72h,
electrophoresed using a 12% sodium dodecyl
sulfate polyacrylamide gel onto Poly Vinylidene
Di-Fluoride (PVDF) membranes (Bio-Rad
Laboratories, Tokyo, Japan). The protein
concentration was determined using the UV
absorption method. The blots were probed for
4C overnight with the diluted antibodies against
the following proteins: CBR1 (Catalog number
SC-390554, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 1:100, CD63 (Catalog number
SC-5275, Santa Cruz Biotechnology) at 1:100, and
B-actin (Catalog number A5441, Sigma-Aldrich)
at 1:2,000. The membranes were then incubated
for 2 h with anti-mouse immunoglobulin G HRP-
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linked Antibody (Catalog number 7076, Cell
Signaling Technology, Beverly, MA, USA), and
protein bands were visualized using enhanced
chemiluminescence (Image Quant LAS4000
system, GE Healthcare Life Sciences, MA, USA)
according to the manufacturer’s procedure.

Addition of exosomes to ovarian cancer cells and
evaluation of cell proliferation

TOV-21G and SK-OV-3 cells were cultured
24h in 60mm dish 1.0x10° cells/plate with 5 ml
of DMEM medium. Afterwards, 200 pl of
exosomes solution including CBR1-DNA or
CBR1-siRNA were added to TOV-21G and SK-
OV-3 cells. Only pure exosomes derived from
THESCs cell culture supernatants were added
to those cells as a control. The cells were
incubated at 37C in a CO, incubator for24, 48
and 72h. After 24, 48, and 72 h, the cells were
washed with 2 ml of PBS, trypsinized and
sufficiently detached. To distinguish between
living and dead cells, the cells were stained with
0.1% trypan blue solution (NACALAI TESQUE,
Inc., Kyoto, Japan), and the cells were counted
by using a hemocytometer (Bio medical science,
Tokyo, Japan). The cell proliferation experiment
was performed in triplicate and the cell numbers
were shown as average * standard deviation.

Statistical analysis

Differences in the number of living cells
between exosomes including CBR1 DNA, those
including CBR1 siRNA and those without both
(control) were evaluated using Student’s t-test. A
result was deemed significant at a P value < 0.05.

Results

CBR1 expression levels in THESC: cells
Expression levels of CBR1 was compared in
THESCs cells transfected with CBR1 DNA at
various Lipofectamin/DNA ratios. The uptake of
DNA increased over time for up to 48 h, and the

efficiency was highest at a ratio of Lipofectamin
24ul/DNA 36ug (Figure 1). Western blot
analysis confirmed that the strongest expression
of CBR1 was produced in THESCs cells trans-
fected with CBR1 DNA at a ratio of Lipofect-
amin 24ul/DNA 36ug for 48 h (Figure 2A).
Inherent CBR1 of 32 kDa is expressed in control
cells, while CBR1 DNA-transfected cells showed
strong expression of CBR1 with GFP of 64 kDa
as well as inherent CBR1 of 32 kDa. On the
other hand, CBR1 siRNA-transfected cells
showed decreased inherent CBR1 expression
(Figure 2B).

Exosome extraction

The exosomes were purified from culture
supernatant of THESCs cells using an exoEasy
Maxi Kit (QIAGEN). The vesicle size of the
collected sample was measured with the nano
tracking analysis system NanoSight (Quantum
Design Japan, Inc. Tokyo, Japan). Western blot
analysis showed that expression of CD63, an
exosome marker, in samples extracted from the
cells transfected with CBR1 DNA or CBRI
siRNA and the control cells (Figure 3A). The
expression level of CBR1 was higher in exosomes
extracted from CBR1 DNA-transfected cells and
lower in those extracted from CBR1 siRNA-
transfected cells than in those extracted from
the control cells (Figure 3B).

Antiproliferative effect of CBR1

Necrotic cells were notable in both TOV-21G
cells and SK-OV-3 cells in which exosomes
extracted from CBR1 DNA-transfected cells
were added compared to the control (Figure 4).
Figure 5 A and B show differences of prolifera-
tions of TOV-21G cells and SK-OV-3 cells accord-
ing to time by adding CBR1-overexpressing
exosomes or those transfected with CBR1
siRNA. Proliferations of both of TOV-21G cells
and SK-OV-3 cells was significantly inhibited by
adding CBR1 DNA-exosomes complex compared
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Figure 1 Transfection of carbonyl reductase 1 (CBR1) DNA into hTERT-immortalized human endometrial stromal cells
(THESCs).

Fluorescent photographs of THESCs transfected with pCMV6-AC-GFP expressing human CBR1 taken 48 and 72 h after
transfection. The efficiency of uptake was best at a Lipofectamin 24ul/DNA 36ug than at other Lipofectamin/DNA ratios.
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Figure 2 Confirmation of carbonyl reductase 1 (CBR1) expression in hTERT-immortalized human endometrial
stromal cells (THESCs) transfected under various conditions.
A. Western blot analysis for the CBR1 expression levels to confirm the optimal Lipofectamin/DNA ratio and
incubation time. The level of CBR1 expression was the strongest in THESCs cells transfected with CBR1 DNA
at a Lipofectamin/DNA ratio of a Lipofectamin 24ul/DNA 36pg for 48h. -actin was used as an internal control.

B. Western blot analysis for the CBR1 expression levels. Transfection of THESCs with CBR1 DNA or
CBRI1 siRNA. CBRI expression level was higher in CBR1 DNA-transfected cells and lower in CBR1 siRNA-
transfected cells than in the control cells. B-actin was used as an internal control.

with the control, whereas proliferations of both
of TOV-21G cells and SK-OV-3 cells was signifi-
cantly reduced by adding CBR1 siRNA-exosomes
complex compared with the control.

Discussion

The results of this study showed that by
transfection CBR1 DNA into stromal cells
(fibroblasts), exosomes overexpressing CBR1
could be created and that by adding the exo-
somes, the proliferation of TOV-21G and SK-OV-3
cells was significantly inhibited compared with
the addition of exosomes from fibroblasts without
transfection of CBR1 DNA.

Intraperitoneal administration of a CBR1 DNA-
dendrimer complex improved intraperitoneal
dissemination of ovarian cancer in peritoneal
carcinomatosis mice model and significantly

9 Even if

prolonged the survival period of mice
ovarian cancer cells transfected with CBR1 DNA
were inoculated on the back of nude mice, the

tumor development was significantly inhibited

compared to the tumor without transfection of
CBR1 DNA'. Caspase-8 and TNFRI1 were
highly expressed immunohistochemically in the
tumor overexpressing CBR1, suggesting that
CBR1 could induce apoptosis in ovarian cancer
cells’”. The Research using artificial human
peritoneal tissue (AHPT) demonstrated that
proliferation of ovarian cancer cells transfected
with CBR1 DNA was significantly inhibited on
AHPT, and necrosis was evident®”. Thus,
previous studies have shown the inhibitory effect
of CBR1 on cancer cell proliferation, tumor
growth and dissemination. However, if CBR1
DNA is applied to treatment of ovarian cancer
patients as a gene therapy, transfection reagents,
electroporation and viral vector may not be
realistic clinically as a delivery tool to the cancer
cells.

Targeted delivery approaches for cancer
therapeutics have shown a steep rise over the

2V Extracellular vesicles (EVs)

past few decades
including exosome may be applied in diagnostics,

either as pathological biomarkers or to follow
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A. Identification of CD63 expression by Western blot analysis. Western blot confirmed expression of CD63
indicating existence of exosomes derived from the cells transfected with carbonyl reductase 1 (CBR1)

DNA or CBR1 siRNA and the control cells.

B. Carbonyl reductase 1 (CBR1) expression levels by Western blot analysis. The expression level of CBR1
was higher in exosomes extracted from the cells transfected with CBR1 DNA and lower in exosomes
extracted from the cells transfected with CBR1 siRNA than in exosomes extracted from the control cells.

treatment efficacyZZ). The discovery that EVs
make up a natural mechanism for information
transfer between cells has stimulated interest
into their potential use as a new drug delivery
platform'”. Researches have been conducted as a
DDS for therapeutic agents for various diseases
such as cancer” and brain diseases"’

Because exosomes are stable in the circulation
and do not induce immune rejection, their
therapeutic applications as drug delivery systems
have grown into an attractive research area’.

Advances of nanotechnology enable the encapsu-

lation of therapeutic agents such as chemothera-
peutic drugs, small molecules, miRNAs, and
siRNAs into exosomes®. In ovarian cancer,
exosomes derived from adipose mesenchymal
stem cells inhibited the cell proliferation of
A2780 human ovarian cancer cells by blocking
the cell cycle and activating mitochondria-
mediated apoptosis signaling, indicating the
importance of exosomal miRNAs in this
inhibitory pathway%). However, a DDS using
exosomes in ovarian cancer treatment. The
present study showed a potential of exosomes to
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Addition of exosomes including CBR1 DNA

TOV-21G

SK-OV-3

Figure 4 Cell proliferation.

Addition of exosomes without CBR1 DNA

Carbonyl reductase 1 (CBR1)-overexpressing exosomes or ones transfected with CBR1 siRNA
were added to TOV-21G and SK-OV-3 cells. Both TOV-21G and SK-OV-3 cells in which CBRI-
overxpressing exosomes were added showed cell necrosis notably compared to the control.

carry CBR1 DNA into the ovarian cancer cells,
suggesting that gene therapy combining exo-
somes and CBR1 DNA may be promoted clini-
cally against advanced ovarian cancers. Because
the function of exosomes changes depending on
the condition of secretory cells'”, we examined
the optimal transfection ratio that would result
in high CBRI1 expression and found that
Lipofectamin 24ul/DNA 36pug was the best ratio
to deliver CBR1 DNA into the cells. As shown in
Figure 3C, CBRI1 expressed most strongly in
exosomes transfected with CBR1-DNA and it
expressed most weakly in those transfected with
CBR1-siRNA. Differences of proliferations of
TOV-21G cells and SK-OV-3 cells according to
time by adding exosomes transfected with
CBRI1-DNA or ones transfected with CBR1-
siRNA were significant (Figure 5A and B).
Necrosis as well as apoptosis due to CBR1 may
cause the significant difference of cell prolifera-
tion.

Nanocarriers, such as liposomes, have

favorable advantages with the potential to
further improve cancer immunotherapy and
even stronger immune responses by improving
cell type-specific delivery and enhancing drug
efficacy?. Liposomes can offer solutions to
common problems faced by several cancer im-
munotherapies, including the following combina-
tional therapy27). Liposomes are ideal vehicles for
the simultaneous delivery of drugs to be com-
bined with other therapies, including chemother-
apy27).
bicin represents a new class of chemotherapy

For example, pegylated liposomal doxoru-

delivery system that may significantly improve
the therapeutic index of doxorubicin®. However,
even its new technology cannot still overcome
peritoneal dissemination of ovarian cancer.
There are some limitations in this study.
First, this study was fulfilled only by an in vitro
experiment. Hereafter, in vivo experiments using
peritoneal carcinomatosis mice model must be
performed to apply to the clinical settings in the
future. Second, we must compare a potential of
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Figure 5 Antiproliferative effect of carbonyl reductase 1 (CBR1).

A. TOV-21G cells: CBR1-overxpressing exosomes significantly inhibited cell proliferation compared to those
transfected with CBR1 siRNA from 24h and the control from 48h. On the other hand, exosomes transfected with

CBR1 siRNA significantly promoted cell proliferation compared to the control from 48h.

* CBRI1 DNA vs. CBR1

siRNA, P < 0.05; ** CBR1 DNA vs. the control and CBR1 siRNA, P < 0.01; *** CBR1 DNA vs. the control and CBR1
siRNA, P < 0.01. T CBRI1 siRNA vs. the control, P < 0.01, & CBR1 siRNA vs. the control, P < 0.05.

B. SK-OV-3 cells: CBR1-overxpressing exosomes significantly inhibited cell proliferation compared to those transfected
with CBRI1 siRNA as well as the control from 48h. On the other hand, exosomes transfected with CBR1 siRNA
significantly promoted cell proliferation compared to the control at 72h. * CBR1 DNA vs. CBR1 siRNA and the control,
P < 0.01; ** CBR1 DNA vs. CBR1 siRNA and the control, P < 0.001; & CBRI siRNA vs. the control, P < 0.001.

exosomes to liposome and dendrimer as a DDS
with regard to therapeutic effect, production
efficiency and reproducibility of drug delivery.
The field of exosome-based drug delivery still
lacks substantial experimental validation in in
vivo to elucidate its potential superiority to
liposome or nanocarriers such as dendrimer.

In the present in vitro experiments, CBR1-
overexpressing exosomes were created and its
administration successfully inhibited proliferation
of ovarian cancer cells. These findings suggest
that exosomes are a useful tool of gene delivery,
and that a gene therapy with combination of
CBR1 DNA and exosomes may be promising
treatment strategy for advanced and recurrent
ovarian cancers.
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